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A selection of abbreviations from this thesis. 
All-Lnc	 	 Long	non-coding	RNA	conserved	at	the	nucleotide	level	by	the	
  Brassicaceae and Cleomaceae
Ath  Arabidopsis thaliana (rockcress)
Ath-Linc Long intergenic non-coding RNA from Li et al. 2012
Ae-Lnc	 	 Long	non-coding	RNA	conserved	at	nucleotide	level	by	
  4 Aethionemeae species
Brass-Lnc	 Long	non-coding	RNA	conserved	at	the	nucleotide	level	by	
  Arabidopsis thaliana and Aethionema arabicum
CDS  coding sequence
Cleo-Lnc	 Long	non-coding	RNA	conserved	at	the	sequence	level	by	
  two Cleomaceae species
cM	 	 centimorgan,	unit	used	as	the	distance	between	two	genes
   on a chromosome
GS  glucosinolates
LncRNA  Long non-coding RNA
LincRNA Long intergenic non-coding RNA
LOD	 	 logarithm	of	odds,	used	as	a	significance	threshold	in	QTL	analyses
MFE	 	 Minimum	Free	Energy,	used	to	assess	the	strength	of	a	secondary		
  structure of a RNA molecule
Mya	 	 Million	years	ago












canola,	 cauliflower	 and	 turnip)	 and	 the	 model	 plant	 Arabidopsis thaliana.	 Brassicaceae	
contains	 3741	 species	 in	 325	 genera	 (Al-Shehbaz	 2012)	 and	 phylogenetic	 analyses	
have	 identified	 a	 larger	 core-group,	with	 three	main	 lineages,	 and	 a	 smaller	 sister-clade	
Aethionemeae (Beilstein et al.	 2006,	Beilstein	et al.	 2008,	Couvreur	et al.	 2010,	 Franzke	
et al.	2009).	More	recently,	the	family	has	been	split	into	lineages	A-F	(Huang	et al.	2016).	
Polyploidy,	 or	 whole	 genome	 duplication	 (WGD),	 is	 a	 common	 feature	 of	 angiosperm	
evolution	(Soltis	et al.	2009,	Soltis	et al.	2010).	The	entire	Brassicaceae	shares	a	common	
whole	genome	duplication	event	referred	to	as	At-alpha	(Edger	et al.	2015,	Haudry	et al. 
2013).	Brassicaceae	are	globally	distributed	over	 the	 temperate	 regions	 (Hohmann	et al. 
2015)	and	contain	species	that	are	metal-tolerant	(e.g.	Noccaea caerulescens),	salt	tolerant	
(e.g.	Eutrema halophila),	drought	tolerant	(e.g.	Allysum montanum)	and	cold	tolerant	(e.g.	
Draba chionophila).	 Important	 synapomorphies	of	 the	Brassicaceae	are	not	 restricted	 to	
morphological	characters	like	dissymmetric	flowers,	tetradynamous	stamens,	ovary	with	a	
false	septum	etc.	but	also	include	the	ecologically	important	secondary	defence	compounds:	
the methionine-derived glucosinolates (Edger et al.	2015,	Stevens	2001).	
Being	sister	to	the	Brassicaceae	core-group	sets	Aethionemeae	at	an	evolutionary	important	
position	 for	 comparative	 analysis	 of	 genome	 and	 trait	 evolution.	 The	 monotypic	 tribe 
Aethionemeae	W.	Aiton	consists	only	of	the	genus	Aethionema.	Aethionema species occur 
mainly	at	the	potential	Brassicaceae	centre	of	origin:	the	Irano-Turanian	region	(Al-Shehbaz	
2012,	Couvreur	et al.	 2010,	 Franzke	et al.	 2011,	Warwick	et al.	 2010,	Hedge	1976).	 The	








hypothesized	in	the	past	(Soltis	et al. 2009) it is now known that WGD did not cause this 








Beilstein et al.	 2008).	Hence,	not	only	Aethionemeae	but	 also	other	Brassicaceae	 clades	
have	 been	 revised	 and	 replaced	 using	 advances	 in	molecular	 phylogenetics	 (Al-Shehbaz	
2012). The	tribe	Aethionemeae	used	to	consist	of	two	genera,	Moriera and Aethionema.	





The	 annual	 Aethionema arabicum (L.)	 Andrz.	 ex	 DC	 is	 an	 emerging	 model	 species	 for	




to	 adopt	 different	 distribution	 strategies	 in	 variable	 environments	 (Lenser	 et al.	 2016).	
Aethionema arabicum	occurs,	like	the	other	Aethionema species,	on	rocky	steep	slopes	in	
Cyprus,	Iran	and	Turkey	and	has	recently	also	been	found	in	Bulgaria	(Velchev	2015).	Due	to	
the	very	hot	summers	and	cold	winters	in	the	Irano-Turanian	region,	Ae. arabicum has its 
complete	life-cycle	from	the	late	spring	towards	early	summer	(Bibalani	2012).	The	release	
of the Ae. arabicum	genome	and	transcriptome	(Haudry	et al.	2013,	Edger	et al. 2015) has 
enabled	researchers	to	incorporate	Ae. arabicum into	a	vast	set	of	studies	on	genetic	and	
genomic	evolution.	For	example,	it	was	found	that	the	Ae. arabicum telomerase template 
domain	has	less	than	25%	sequence	similarity	to	that	of	A. thaliana (Beilstein et al. 2012). 
These	studies	give	us	an	insight	in	the	genomic	evolution	of	Ae. arabicum	but	do	not	include	
other	aspects	of	its	biology.	
Problem description and research approach














2012).	 Recently	 long	 non-coding	 RNAs	 have	 been	 identified	 in	 plants	 (Swiezewski	 et al. 
2009).	 Long	 non-coding	 RNAs	 are	 non-translated,	 >200nt	 long	mRNAs	 that	 can	 regulate	
gene-expression	(Dinger	et al.	2008).	They	can	influence	the	flowering	time	of	Arabidopsis 
thaliana (e.g.	COOLAIR	and	COLDAIR,	Ietswaart	et al.	2012),	are	involved	in	seed	dormancy	











&	 Spooner	 2008).	 Natural	 history	 collections	 can	 also	 contain	 species	 that	 have	 been	
encountered	only	 once	 (Sebastian	et al.	 2010),	 are	 now	extinct	 (Zedane	et al.	 2016),	 or	
occur	in	areas	that	are	currently	hard	to	reach	due	to	political	instability.	While	in	the	past	
mainly	single	markers	were	used	to	reconstruct	phylogenetic	relationships,	next	generation	













diversity	 of	Ae. arabicum accessions	 at	 the	 genomic	 functional	 level.	 As	 speciation	 and	
natural	selection	act	on	the	level	of	phenotypes	the	difference	between	populations	should	
also	be	addressed	at	the	level	of	ecological	important	phenotypes.
Natural	 selection	 and	 speciation	 act	 at	 the	 level	 of	 traits.	 The	 fitness	 of	 a	 plant	 and	
hence	 the	 probability	 of	 reaching	 the	 next	 generation	 not	 only	 depends	 on	 the	 fertility	
and	flowering-time	but	 also	on	how	plants	 cope	with	herbivores.	 In	 a	 race	against	 their	
herbivores,	 Brassicales	 developed	 glucosinolate	 defence	metabolites	 (Edger	et al.	 2015).	
Glucosinolates	(i.e.	mustard	oils)	form	a	two-component	plant	defence	with	their	associated	
myrosinase	 enzymes	 (Halkier	 &	 Gershenzon	 2006).	 Glucosinolates	 and	 myrosinases	 are	
spatially	 separated	 in	 a	 plant	 cell	 and	 form	 upon	 contact	 with	 each	 other	 nitriles	 and	
isothiocyanates	 (Halkier	&	Gershenzon	 2006,	 Koroleva	et al.	 2000).	While	 all	 Brassicales	
contain	glucosinolates	the	highest	diversity	of	120	different	glucosinolates	is	found	within	
the Brassicaceae (Edger et al.	2015,	Halkier	&	Gershenzon	2006).	The	quality	and	the	quantity	
of	mustard	oils	vary	through	the	plants	life	stage	and	depend	on	the	accession	(Kliebenstein	







Combining	 different	 approaches	 including	 phylogenomics	 and	 historical	 biogeography,	
the	 conservation	 of	 non-coding	 regions,	 population	 genomics,	 and	 the	 evolution	 of	





Research questions and objectives
This	thesis	approaches	the	genus	Aethionema	from	different	perspectives.	By	studying	inter-
species	diversity,	within	species	genetic	diversity	and	the	evolution	of	ecologically	important	
traits,	 I	present	a	more	complete	picture	and	understanding	of	Aethionema evolution. To	
accomplish	that	goal	this	thesis	touches	upon	the	following	questions:
a)	Are	there	lineage-specific	long	non-coding	RNAs	for	Aethionema and the 
    Brassicaceae-core?
b)	What	are	the	species	relationships	within	Aethionema?
c) What is ancestral area of Aethionema?
d)	What	is	the	genetic	diversity	of	Aethionema arabicum?
e)	What	is	pattern	of	glucosinolate	variation	along	the	development	of	




I	have	organized	 the	six	 chapters	of	 this	 thesis	based	on	a	 focal	 continuum	from	macro-
evolution,	to	micro-evolution	and	finally	to	trait	evolution	(Fig.	1),	although	every	chapter	
can	 stand	 on	 its	 own.	 They	 are	 enclosed	 by	 this	 general	 introduction	 (Chapter	 1)	 and	 a	
general	discussion	(Chapter	6)	bringing	everything	together.
Chapter	2	presents	 the	 long	non-coding	RNAs	 that	are	conserved	by	position	but	not	by	
sequence	within	the	Brassicaceae	and	Cleomaceae.	With	a	bio-informatical	pipeline	based	
on	 synteny	 I	 recovered	 the	 expressed	 long	 non-coding	 RNAs	 of	Aethionema,	 core-group	
Brassicaceae	 and	 Cleomaceae.	 This	 chapter	 exemplifies	 the	 importance	 of	 the	 spatial	
conservation	of	genes	in	comparative	genomic	studies.
Chapter	 3	 addresses	 the	 phylogenetic	 relationships	 between	 the	 different	 Aethionema 
species	 and	 reconstructs	 the	 likely	 ancestral	 area	 in	 a	 time-calibrated	 framework.	 Using	
sequence	data	derived	mainly	from	herbarium	specimens,	gave	us	the	opportunity	to	cover	
75% of all Aethionema species.	With	76	chloroplast	coding	regions	and	the	nuclear	ribosomal	
regions	the	backbone	of	the	phylogeny	of	Aethionema was resolved and the ancestral area 
of Aethionema	assessed.
Wanting	 to	understand	what	happens	 at	 a	micro-evolutionary	 level,	 I	 used	a	population	
genomics	 approach	 in	 chapter	 4	 to	 assess	 the	 genetic	 diversity	 and	 signs	 of	 selection	




















Positionally-conserved but sequence-diverged:     
Identification of Long non-coding RNAs      
in the Brassicaceae and Cleomaceae











Background	 Long	 non-coding	 RNAs	 (LncRNAs)	 have	 been	 identified	 as	 gene	 regulatory	
elements	that	influence	the	transcription	of	their	neighbouring	protein-coding	genes.	The	
discovery	 of	 LncRNAs	 in	 animals	 has	 stimulated	 genome-wide	 scans	 for	 these	 elements	
across	plant	genomes.	Recently,	6480	LincRNAs	were	putatively	 identified	 in	Arabidopsis 
thaliana	(Brassicaceae).	However,	there	is	limited	information	on	their	conservation.	
Results	 Using	 a	 phylogenomics	 approach,	 we	 assessed	 the	 positional	 and	 sequence	
conservation	 of	 these	 LncRNAs	 by	 analysing	 the	 genomes	 of	 the	 basal	 Brassicaceae	
species Aethionema arabicum and Tarenaya hassleriana	of	 the	sister-family	Cleomaceae.	






Conclusion These	 results	 highlight	 the	 importance	 of	 analysing	 not	 only	 sequence	
conservation,	 but	 also	 positional	 conservation	 of	 non-coding	 genetic	 elements	 in	 plants	
including	LncRNAs.























non-coding	RNAs	 (LncRNAs).	 The	boxes	 above	 the	branches	 represent	 the	 studied	 lineages,	 their	 specificity	 at	
the	sequence	level	and	their	abbreviations.	Pictures	show	(from	top	to	bottom)	the	inflorescences	of	Arabidopsis 










Long	 non-coding	 RNAs	 can	 silence	 genes	 by	 acting	 as	 a	 sequence-specific	 template	 for	
chromatin	or	 associate	with	downstream	proteins	 (Wierzbicki	 2012)	 and	are	 transcribed	
from	the	 intergenic	 (long	 intergenic	non-coding	RNAs	=	LincRNAs),	 intronic	or	anti-sense	
regions (Liu et al.	2012,	Zhang	&	Chen	2013).	Recently	it	has	been	shown	for	the	LncRNAs	
COOLAIR in Arabidopsis thaliana	(Csorba	et al.	2014,	Swiezewski	et al. 2009) and for the rice 
LncRNA LDMAR (Ding et al.	2012a,	Ding	et al.	2012b)	how	they	influence	the	expression	of	
phenotypically	important	regulatory	genes.	COOLAIR	(cold	induced	long	antisense	intragenic	
RNA)	 is	 transcribed	 from	 the	Flowering Locus C (FLC)	 and	accelerates	 the	 transcriptional	
repression of FLC	during	cold	by	reducing	the	gene	activating	chromatin	mark	H3K36me3	
(Csorba	et al.	2014).	In	parallel,	the	gene	silencing	chromatin	mark	H3K27me3	is	accumulating	
at the intragenic FLC	nucleation	site	by	a	Polycomb-directed	process	(Csorba	et al.	2014).	
Thus,	LncRNAs	COOLAIR	contributes	to	the	induction	of	flowering	after	vernalization.	The	






under	 long	days	 (Ding	et al.	2012b).	These	 recent	discoveries	of	plant	LncRNAs	highlight	
their	 influence	on	important	fitness	traits,	e.g.	male	sterility	(LDMAR)	and	flowering	time	
(COLDAIR,	 COOLAIR,	 IPS1)	 (Swiezewski	 et al.	 2009,	 Ding	 et al.	 2012a).	 The	 influence	 of	
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LncRNAs	on	 regulating	 chromatin	 structure	 shows	 their	 involvement	 to	 permit	 plants	 to	
respond	to	environmental	cues	(Wierzbicki	2012).	
LncRNAs	have	also	been	identified	and	studied	in	other	plants,	including	Zea mays, Triticum 
aestivum and Oryza sativa (Li et al.	2007,	Li	et al.	2014,	Xin	et al.	2011).	These	genome-
wide	identifications	of	LncRNAs	were	done	using	existing	EST	sequences,	full-length	cDNA	
databases	and/	or	 full	 genome	tiling	microarrays	 (Li	et al.	 2007,	 Li	et al.	 2014,	Xin	et al. 
2011).	 Li	et al. (2007) (Li et al.	 2007)	 found	more	 than	20,000	putative	 LncRNAs	 in	 rice;	
although	>90%	were	assigned	 to	being	 small	RNA	precursors.	A	 similar	 result	was	 found	
in Zea mays	where	~60%	of	the	LncRNAs	are	probably	small	RNAs	precursors	(Boerner	&	
McGinnis	2012).	About	40%	of	the	rice	non-exonic	transcription	active	regions	seem	to	be	
potential	non-coding	RNAs	 (Li	et al.	 2007).	 Liu	et al. (2012) (Liu et al. 2012) found 6480 
LincRNAs in the model plant Arabidopsis thaliana (Brassicaceae).	Some	of	these	putative	L(i)
ncRNAs	were	further	validated	with	expression	pattern	analyses,	custom	microarrays	and	
RNA-seq (Liu et al.	2012,	Li	et al.	2014,	Xin	et al.	2011,	Li	et al.	2007).	However	all	these	
studies	have	thus	far	relied	on	analyses	of	only	a	single	species.
Inter-species genome-wide comparisons have shown that protein-coding genes are not 
only	conserved	by	sequence,	but	can	also	be	conserved	by	 their	position	 in	 the	genome	
(e.g.	 synteny)	 (Tang	 et al.	 2008).	 The	 conservation	 of	 a	 genomic	 position	 over	 different	
phylogenetic	scales	can	indicate	that	the	position	of	a	given	gene	is	under	strong	purifying	
selection	 (Fridman	 &	 Zamir	 2003).	 The	 genome-wide	 duplication	 history	 of	Arabidopsis 
thaliana	(Brassicaceae)	was	revealed	by	the	identification	and	analyses	of	collinear	duplicated	
blocks	that	arose	from	multiple	ancient	whole	genome	duplications	(Bowers	et al.	2003).	
Recently,	 the	 genome	 of	 Aethionema arabicum,	 a	 member	 of	 the	 Tribe	 Aethionemeae	
in	the	earliest	diverging	 lineage	of	the	Brassicaceae,	was	sequenced	(Haudry	et al. 2013) 
as well as the genome of Tarenaya hassleriana	 of	 the	 Cleomaceae,	 the	 sister-family	 to	
the Brassicaceae (Cheng et al.	 2013).	 The	 comparisons	 of	 these	 three	 genomes	 provide	





Here	we	 used	 the	 genomes	 of	Ae.	 arabicum,	 T. hassleriana and A. thaliana in	 addition	
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Materials and Methods
Transcriptome isolation, library preparation and assembly
Aethionema arabicum, Ae. carneum, Ae. spinosa, Ae. grandiflorum, Tarenaya hassleriana 




RNA	mini	 kit	 (Ambion,	 Life	 Technologies	 Corporation,	 Carlsbad,	 CA,	 USA),	 followed	 by	 a	
DNase	treatment	using	the	TURBO	DNA-free™	kit	(Ambion),	according	to	the	manufacturers	
protocols.	 The	 RNA	quality	 and	 quantity	was	 checked	 on	 a	 1%	 agarose	 gel	 stained	with	
ethidium-bromide	in	a	1x	TBE	buffer	and	on	a	NanoDrop	1000©	spectrophotometer	(Thermo	
Fisher	Scientific,	Wilmington,	DE,	USA).	The	samples	were	dried	with	GenTegraTM	(GenVault,	
Carlsbad,	 CA,	 USA)	 for	 shipment	 to	 the	 Sequencing	 Core	 of	 the	 University	 of	Missouri-
Colombia.	The	ds-cDNA	library	was	constructed	following	the	manufacturers	protocol	of	the	
TruSeq-RNATM	kit	(Illumina,	San	Diego,	CA,	USA).	The	six	new	transcriptomes	used	here	were	
selected	 for	mRNA	during	 the	cDNA	synthesis.	Thus	all	 the	non-polyadenylated	LncRNAs	
were	not	sequenced.	Aethionema grandiflorum and A. spinosa were paired-end sequenced 
with	 the	 Illumina	Hiseq2000	sequencer	on	1x100bp	 lanes,	with	3	 lines	per	 lane.	The	Ae. 
arabicum transcriptome was de novo	assembled	using	Trininity	(Grabherr	et al.	2011).	The	
Ae. carneum, Ae. grandiflorum and Ae. spinosa	transcriptomes	were	assembled	against	the	
Ae. arabicum	 contigs	with	NextGene	V2.17	®	 (SoftGenetics,	 State	College,	PA,	USA)	with	
matching	requirements	of	≥	40	bp	and	≥	90%	similarity	and	≤20%	present	mutations.	For	
each	 line	 a	 consensus	 sequence	was	 constructed	with	 the	 following	 parameter	 settings:	
90%	minimum	of	aligned	reads	for	homozygosity,	25%	as	the	cut-off	for	aligned	read	to	be	
heterozygous	and	85%	as	the	percentage	of	reads	that	are	aligned	for	a	homozygote	indel.
Genomes, CDSs and LncRNA
The	 Athionema arabicum and Tarenaya hassleriana genomes were downloaded from 
the	CoGe	Website	(Cheng	et al.	2013).	The	CDSs	of	Brassica rapa, Arabidopsis lyrata and 
Eutrema halophila	come	from	the	PlantGDB	website	(Duvick	et al. 2008) and the Arabidopsis 
thaliana	 (Ath)	CDS	v10	from	TAIR	(Huala	et al.	2001).	The	proteomes	of	Zea mays,	Oryza 
sativa, Brachypodium distachion, Sorghum bicolore and Sorghum italica were downloaded 
from	Phytozome	 (Goodstein	et al.	 2012).	 These	 latter	 CDS	 and	proteomes	were	 used	 in	
the	OrthoMCL	analysis	 (Suppl.	 Fig.	 2)	 to	ascertain	 that	 the	 LncRNAs	are	 lineage	 specific.	
The	location	of	Ath	LncRNAs	(Ath-Lnc)	were	downloaded	from	the	PLncDB	website	(Jin	et 
Species Tissues
Aethionema arabicum & A. carneum Fruits,	flowers,	buds,	apical	meristem,	leaves	and	side	buds	from	
fully	 grown	 plants,	 leaves	 and	 apical	 meristem	 from	 juvenile	
plants,	and	the	whole	seedling	including	the	roots






Fig. 2 Example	 of	 collinearity	 and	 a	 positional	 conservation	 analysis	 of	 a	 Long	 non-coding	 RNA	 (LncRNA).	 A)	
Screenshot	from	GeVo.	GeVo	calculates	the	collinearity	of	a	query	sequence	with	the	genome	of	a	subject	organism.	
The	query	here	is	the	nearest	protein-coding	gene	of	Ae. arabicum shown	in	C,	the	subjects	are	Ae. arabicum and A. 
thaliana. Here	there	are	two	collinear	regions	in	A. thaliana. The	position	of	the	positionally	conserved	LncRNA	is	
shown	with	a	pink	box,	while	the	protein	coding	genes	of	A. thaliana and Ae. arabicum	are	shown	with	blue	boxes.	
B)	Screenshot	from	the	PLncDB	website,	shown	are	the	Arabidopsis thaliana LncRNA (pink) and its nearest protein 




al.	 2001)	with	an	 in-house	python	 script.	All	 the	genomes	present	 in	November	2013	 in	
Phytozome	(Goodstein	et al.	2012)	were	downloaded	for	latter	analyses.	
OrthoMCL, BLAST and positional conservation analyses
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used	to	assess	collinearity	between	the	region	of	nearest	protein	coding	gene	of	the	LncRNA	
and the A. thaliana,	Ae. arbicum	and/or	T. hassleriana	genome(s).	For	example:	if	a	protein	
coding gene of Ae-Lnc was collinear with a region in A. thaliana	the	‘GenomeBrowse’	utility	
of	PLncDB	(Jin	et al. 2013) was used to assess whether there was a LncRNA in the same 




this	 end,	 they	were	 blasted	 (BlastN)	 against	 the	mirBase	 database	 (Griffiths-Jones	et al. 











on	a	single	RNA	sequence.	For	 the	Ae-Lncs	we	used	the	transcripts	of	Ae. arabicum, Ae. 
grandiflorum, Ae. carneum and Ae. spinosa. Transcripts	 from	 the	 same	 species	 (if	 there	
present	 in	 the	 OrthoMCL	 analysis,	 see	 above)	 were	 used	 for	 the	 Brassicaceae	 specific	





We	 identified	 LncRNAs	 in	 four	 Aethionemeae	 and	 two	 Cleomaceae	 species	 from	
transcriptome	 data.	 To	 assess	 the	 sequence	 conservation	 of	 these	 LncRNAs	 we	 used	
OrthoMCL (Li et al.	2003).	For	the	positional	conservation	we	used	the	CoGe	tools	SynFind	
and	GeVo	(Lyons	&	Freeling	2008).
We	used	a	previous	classification	of	LncRNAs	 in	Arabidopsis (Liu et al.	2012):	1)	LincRNA	







We assessed whether the 6480 A. thaliana 
LincRNAs	 (Ath-Linc)	 assessed	 by	 (Liu	 et 
al. 2012) were conserved throughout the 
Brassicaceae and Cleomaceae (All-Lnc) with 
an	 OrthoMCL	 analysis;	 a	 cluster	 algorithm	
based	 on	 reciprocal	 best	 blast	 hits	 (Li	 et 
al.	 2003).	 The	 analysis	 included	 Ath-Linc	
and the genomes of Aethionema arabicum 
and Tarenaya hassleriana (see Materials 
and	Methods	and	Suppl.	 Fig.	 1	 for	details). 
Because	 LncRNAs	 have	 a	 higher	 mutation	
rate than protein coding sequences (Boerner 
&	 McGinnis	 2012,	 Guttman	 et al.	 2009),	
the	 analysis	 was	 done	 using	 increasing	
sequence	 similarity	 cut-off	 values	 of	 ≥10%,	
≥20%	and	≥50%.	Out	of	 the	6480	Ath-Lincs	
only	 eleven	 are	 conserved	 by	 all	 three	
species	 at	 the	 genomic	 level.	 Out	 of	 these	
eleven	 conserved	 Ath-Lincs,	 only	 nine	 are	
transcribed	 in	 all	 three	 species based	 on	
our	RNA-seq	data	(see	below)	and	the	RNA-
seq data of (Liu et al.	 2012)	 (Additional	
Table	 1	 for	 the	 average	 transcript	 and	ORF	
lengths	 of	 these	 LncRNAs).	 Conserved	Ath-
Lincs	 were	 blasted	 (local	 BlastN)	 against	
the	NCBI-database	to	assess	whether	the	sequences	were	conserved	 in	other	organisms.	
At3NC056191,	with	a	sequence	similarity	of	≤20%	with	the	Ae. arabicum and T. hassleriana 
transcriptomes	 and	 genomes,	 was	 homologous	 in	 sequence	 to	 the	 5.8S	 ribosomal	 RNA	
gene	and	internal	transcribed	spacer	2	to	the	oomycete	Albugo laibachii.	The	genomically	
conserved	 At2NC003370,	 At4NC004390	 and	 At4NC004390	 were	 conserved	 across	 most	
land	plants,	including	the	bryophyte	Physcomitrella patens (Suppl.	Dataset).		
We	 defined	 a	 lineage-specific	 LncRNA	 that	 is	 shared	 at	 the	 nucleotide	 level	 by	multiple	
species	within	 our	 focal	 lineages	 (e.g.	 Brassicaceae,	 Aethionemeae	 or	 Cleomaceae),	 but	
not	 found	 in	 other	 lineages.	 There	were	 fifteen	Ath-Lincs	 that	were	 specific	 only	 to	 the	
Brassicaceae	(Bras-Lnc,	Fig.	1).	To	ascertain	that	the	Ath-Lincs	and	their	corresponding	Ae. 
arabicum transcripts were restricted to the Brassicaceae we compared them against the 
NCBI	and	Phytozome	databases	using	BlastN,	BlastX	and	TblastX	(Material	and	Methods	and	
Suppl.	Fig.	1	for	details	and	cut-off	values).	Of	the	fifteen	Bras-Lncs,	nine	were	transcribed	
by	Ae. arabicum and/or A. thaliana	(Suppl.	Table	3	for	the	average	transcript	and	ORF	length	
of the Ae. arabicum	transcripts).	
To	test	 for	Aethionemeae specific	LncRNAs	(Ae-Lnc)	we	generated	RNA-seq	data	 for	 four	
Aethionemeae species:	 Ae. arabicum, Ae. carneum, Ae. grandiflorum and Ae. spinosa. 
We	 identified	 15	 LncRNAs	 Ae-Lncs	 that	 were	 ≥50%	 similar	 in	 sequence	 between	 these	
four	Aethionemeae	species	 (Material	and	Methods	and	Suppl.	Fig.	2	 for	pipeline).	These	




















number	of	 LncRNAs	 that	are	conserved	by	 sequence	
within	 that	 clade.	The	green	bars	are	 the	number	of	
LncRNAs	that	are	conserved	by	position	across	every	
clade	 and	 the	 blue	 bars	 are	 conserved	 by	 sequence	
within	 their	 lineage.	 For	 example:	 out	 of	 the	 nine	
LncRNAs	 that	 are	 by	 sequence	 conserved	 within	
the	 Cleomaceae,	 three	 are	 conserved	 by	 position	 in	
Arabidopsis thaliana	 and	 six	 are	 lineage	 specific	 by	
sequence	and	position	to	the	Cleomaceae.
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Ae. grandiflorum and Ae. spinosa	respectively	(from	the	total	of	19037,	18305,	48609	and	
60772	predicted	transcripts).	The	average	ORF	length	(±SD)	of	the	putative	LncRNAs	across	








For	the	Cleomaceae-specific	LncRNA	(Cleo-Lnc),	RNA-seq	data	of	Tarenaya hassleriana and 





to	 the	 categorization	mentioned	 above,	 these	 nine	 LncRNAs	 consist	 of	 two	GATUs,	 four	
TUs	encoding	NATs	and	3	putative	LincRNAs.	We	did	not	 identify	any	putative	microRNA	
precursors.	










(Aethionemeae	 specific,	 Cleomaceae	 specific	 or	 Brassicaceae	 specific)	 the	 percentage	of	
LncRNAs	that	are	not	conserved	by	sequence	but	are	conserved	by	position	in	another	clade	
varied	 between	 26%-33%	 (Fig.	 3	 and	 Suppl.	 Table	 2). Figure	 4	 shows	 the	 distribution	 of	
the	positionally	conserved	LncRNAs	as	positioned	in	the	A. thaliana	genome.	Remarkably	





Table	 2	 shows	 the	 functions	 of	 the	 neighbouring	 genes	 to	 the	 positionally	 conserved	
LncRNAs.	 The	 neighbouring	 genes	 of	 Bras-Lnc	 and	 Ae-Lnc	 (AT5G62420,	 AT5G24270	
and	 AT1G50640)	 are	 associated	 with	 response(s)	 to	 salt	 stress.	 The	 A. thaliana genes 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































LncRNAs (Ding et al.	2012a,	Flintoft	2013,	Novikova	et al. 2012)	all	the	stable	structures	have	
long	stems	and	big	loops	on	one	side	(Fig.	5).
Discussion
As	 more	 complete	 genomes	 become	 available,	 it	 is	 possible	 to	 use	 genetic	 collinearity	
in	 addition	 to	 sequence	 similarity	 to	 address	 questions	 of	 conservation	 of	 non-coding	
sequences	in	a	phylogenomic	context.	Using	a	comparative	approach	with	the	sister	families	
Brassicaceae	and	Cleomaceae,	we	found	LncRNAs	are	positionally	conserved	and	expressed,	
Fig. 4 Distribution	of	the	Long	non-coding	RNAs	(LncRNAs)	across	the	Arabidopsis thaliana	genome.	The	positions	
are	 named	 as	 follow:	 conservation	 level_lineage	 of	 sequence	 conservation_gene	 function.	 Conservation	 level	
can	be	P:	 conserved	by	position	 across	multiple	 lineages.	 S:	 only	 conserved	by	 sequence	 and	not	 by	position.	
Ae:	 conserved	 by	 sequence	 only	 in	 Aethionemeae.	 All:	 conserved	 by	 sequence	 through	 Brassicaceae	 and	






conserved	 by	 position	 but	 not	 by	 sequence,	 while	 the	 LncRNAs	 that	 are	 conserved	 by	
sequence	are	not	conserved	by	position.	 	While	 this	 result	has	been	described	earlier	 in	
comparative	animal	studies	(Batista	&	Chang	2013),	to	the	best	of	our	knowledge	our	work	
represents	the	first	example	of	this	trend	in	plants.






We	 based	 our	 analysis	 of	 positional	 conservation	 on	 the	 latest	 available	 genomes	 of	
Aethionema arabicum, Tarenaya hassleriana and Arabidopsis thaliana. The	latest	published	
Aethionema arabicum genome	is	>85%	of	its	total	genome	size	(Haudry	et al. 2013) and the 




of	eukaryote	organisms.	To	date,	 research	 into	LncRNAs	 is	more	extensive	 in	vertebrates	
than	plants.	Twenty-five	out	of	the	forty-eight	functionally	verified	vertebrate	LncRNAs	have	
been	conserved	between	human	and	mouse	at	>50%	sequence	similarity	(Pang	et al.	2006).	
Liu et al. (2012) (Liu et al.	2012),	whose	data	has	been	explored	here,	found	that	<2%	of	all	
the	putative	LncRNAs	they	found	in	A. thaliana	are	conserved	across	the	plant	kingdom.	A	
similar	number	has	been	found	by	comparing	maize	 (monocot)	LncRNAs	and	A. thaliana 
(eudicot) (Li et al.	2014).	The	LncRNAs	of	legumes	show	only	5%	sequence	conservation	in	
non-legume plants (Wen et al.	2007).	A	much	higher	percentage	of	the	Zea mays	LncRNAs,	
<25%,	are	conserved	in	the	closely	related	species	sorghum	(Li	et al.	2014).	Here	we	found	
that	out	of	a	total	of	39	transcribed	LncRNAs	are	diverged	at	the	nucleotide	level,	twelve	
are	 conserved	 by	 position.	 This	 is	more	 than	 30%	of	 the	 LncRNAs	 that	we	 found	 in	 the	
transcriptomes	of	Aethionemeae	and	Cleomaceae.	









been	pointed	out	by	Pang	et al. (Pang et al.	2006),	who	hypothesized,	for	miRNAs	and	longer	
non-coding	RNAs,	 that	 the	 type	of	 interaction	within	a	 regulatory	network	can	be	under	
selection	pressure	rather	than	the	sequence	of	the	regulatory	element	itself.	This	hypothesis	
2Long non-coding RNAs in the Brassicaceae and Cleomaceae
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Fig. 5 Secondary	 structures	 and	Minimum	Free	 Energy	 (MFE)	 of	 sequence	 and/or	 positionally	 conserved	 Long	
non-coding	 RNAs	 (LncRNAs).	 (A)	 LncRNAs	 that	 have	 both	 sequence	 conversation	 and	 positional	 conservation	
between	Arabidopsis	(left)	and	Aethionema	(right).	(B)	LncRNAs	that	have	only	positional	conservation	between	
Arabidopsis	 (left)	 and	 Aethionema	 (right)	 (C)	 LncRNAs	 that	 have	 both	 sequence	 conversation	 and	 positional	
conservation	between	Arabidopsis	(left)	and	Tarenaya	(right)	(D)	LncRNAs	that	have	only	positional	conservation	
between	Arabidopsis	(left)	and	Tarenaya	(right)	(E)	The	LncRNA	conserved	by	sequence	and	position	in	A. thaliana,	











positionally	 conserved	 counterparts	 in	Arabidopsis thaliana. The	 stability	 of	 the	 LncRNA	
secondary	structure	might	be	a	step	to	subdivide	the	big	group	of	LncRNAs.
Genomic	 regions	 of	 different	 species	 can	 be	 similar	 in	 sequence	 and	 can	 be	 completely	
collinear.	However,	these	sequences	should	not	necessarily	be	transcribed	(Suppl.	Table	2).	













evolutionary	 time.	 However,	 this	 lack	 of	 sequence	 similarity	 did	 not	 result	 in	 a	 lack	 of	
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Preferably	we	would	have	tested	whether	the	positionally	conserved	LncRNAs	are	also	within	
2.5	mb	of	 the	chromosome	arms	of	Aethionema arabicum and/or	Tarenaya hassleriana.	
However	 chromosomal-level	 genome	 assemblies	 of	 these	 species	 are	 not	 available	 yet.	
However,	 we	 are	 working	 on	 these	 genome	 assemblies	 so	 that	 we	 can	 address	 these	
questions	in	the	near	future.




and	 transcription	to	fitness	effects).	They	can	confirm	the	 lack	of	 small	ORFs	 in	LncRNAs	




system	 that	 transcribed	 plant	 Long	 non-coding	 RNAs	 (LncRNAs)	 that	 seem	 to	 be	 only	
conserved within one lineage at the sequence level are conserved in other lineages at 
the	 same	genomic	position.	 The	positional	 conservation	 could	also	 imply	a	 conservation	
of	 function	but	a	divergence	of	sequence.	Moreover,	>65%	of	 the	positionally	conserved	








Suppl.	Table	1.	Transcript	and	ORF	length	of	Tarenaya hassleriana and Aethionemeae  
transcripts	 conserve	 by	 sequence.	 The	 sequence	 similarities	 percentages	 are	 cut-offs	 of	
sequence	similarity	within	OrthoMCL.
Suppl.	 Table	 2.	 Sheet	 1	 shows	 the	 transcript	 names	 of	Aethionema arabicum, Tarenaya 
hassleriana and Arabidopsis thaliana	and	whether	or	not	they	are	conserved	by	position	









Suppl. Fig. 1	Pipeline	to	assess	the	transcribed	(top-panel)	and	genomic	 (bottom-panel)	Long	non-coding	RNAs	
(LncRNA)	that	are	conserved	at	the	nucleotide	level	throughout	the	Brassicaceae	and	Cleomaceae,	or	are	specific	
to	the		Brassicaceae.
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Suppl. Fig. 3-6 Analyses	 of	 collinearity	 and	 positional	 conservation	 of	 sequentially	 diversified	 Aethionemeae	
LncRNAs.	(A)	Screenshot	from	GeVo.	GeVo	calculates	the	collinearity	of	a	query	sequence	with	the	genome	of	a	
subject	organism.	The	query	here	is	the	nearest	protein	coding	gene	of	Ae. arabicum shown	in	B,	the	subjects	are	
Ae. arabicum and A. thaliana. The	position	of	the	positionally	conserved	LncRNA	is	shown	with	a	pink	box,	while	
the protein coding genes of A. thaliana and Ae. arabicum	are	shown	with	blue	boxes.	 (B)	Screenshot	 from	the	
PLncDB	website,	shown	are	the	Arabidopsis thaliana LncRNA	(pink)	and	its	nearest	protein	coding	gene	(blue).	(C)	
Screenshot	from	the	CoGe	Blast	HSP.	Pink	is	the	Aethionema arabicum transcript along the Ae. arabicum	genome.	
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Suppl. Fig. 7-9 Analyses	 of	 collinearity	 and	 positional	 conservation	 of	 sequentially	 diversified	 Cleomaceae	
LncRNAs.	(A)	Screenshot	from	GeVo.	GeVo	calculates	the	collinearity	of	a	query	sequence	with	the	genome	of	a	
subject	organism.	The	query	here	is	the	nearest	protein	coding	gene	of	Tarenaya hassleriana,	the	subjects	are	T. 
hassleriana and A. thaliana. The	position	of	the	positionally	conserved	LncRNA	is	shown	with	a	pink	box,	while	the	





Suppl. Fig. 10 Secondary	structures	and	Minimum	Free	Energy	(MFE)	of	sequence	and/or	positionally	conserved	
LncRNAs.	 (A)	LncRNAs	that	have	both	sequence	conversation	and	positional	conservation	between	Arabidopsis 
(left)	and	Aethionema	(right)	(B)	LncRNAs	that	have	only	positional	conservation	between	Arabidopsis	(left)	and	
Aethionema	 (right)	 (C)	 LncRNAs	 that	 have	 both	 sequence	 conversation	 and	 positional	 conservation	 between	
Arabidopsis	 (left)	and	Tarenaya	 (right)	(D)	LncRNAs	that	have	only	positional	conservation	between	Arabidopsis 
(left)	and	Tarenaya	(right)	(E).	The	coloured	bar	below	shows	the	baseparing	probability	for	every	structure.
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Suppl. Fig. 11 Example	of	an	analysis	of	collinearity	and	no	positional	conservation	of	a	sequentially	conserved	
LncRNA.	The	example	 is	a	LncRNA	conserved	at	 the	sequence	 level	within	the	Brassicaceae.	A)	Screenshot	
from	the	PLncDB	website,	shown	are	the	Arabidopsis thaliana LncRNA (green) and its nearest protein coding 
gene	(blue).	B)	Screenshot	from	the	CoGe	Blast	HSP.	Green	is	the	Aethionema arabicum transcript along the 
Ae. arabicum	genome.	Blue	is	the	nearest	Ae. arabicum	protein	coding	gene.	C)	Screenshot	from	GeVo.	GeVo	
calculates	the	collinearity	of	a	query	sequence	with	the	genome	of	a	subject	organism.	The	query	here	is	the	
nearest protein coding gene of Ae. arabicum shown	in	B,	the	subjects	are	Ae. arabicum and A. thaliana. The	
query	here	shows	two	collinear	regions	in	A. thaliana. The	position	of	LncRNA	is	shown	with	a	green	box,	while	
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Premise of the study	The	Irano-Turanian	region	harbours	three	biodiversity	hotspots	and	










ancestral area of Aethionema.
Key Results	 The	 phylogenetic	 trees	 presented	 of	 Aethionema have three main well-
supported	resolved	clades.	The	ancestral	area	reconstruction	and	divergence-time	estimates	
are	consistent	with	major	dispersal	events	during	the	Pliocene	from	the	Anatolian	Diagonal.	
Conclusion We	find	that	most	Aethionema lineages originated	along	the	Anatolian	Diagonal,	
a	 floristic	 bridge	 connecting	 the	 east	 to	 the	west,	 during	 the	 Pliocene.	 The	 dispersal	 of	
Aethionema	correlates	with	the	local	geological	events,	such	as	the	uplift	of	the	Anatolian	
and	Iranian	plateaus	and	the	formation	of	the	major	mountain	ranges	of	the	Irano-Turanian	
region.	Knowing	the	paleo-ecological	context	of	the	evolution	of	Aethionema facilitates our 
broader	understanding	for	trait	evolution	and	species	diversification	across	the	Brassicaceae.	




et al.	2016,	Micó	et al.	2009,	Takhtajan	1986).	With	~900	species,	 this	region	 is	also	one	




along	 the	Anatolian	Diagonal	can	be	correlated	with	past	 tectonic	events.	The	 formation	
of	the	Alborz,	Zagros	and	Kopeh-Dagh	mountain	ranges	in	Iran	and	the	Taurus	and	Pontic	
mountain	ranges	in	Turkey	are	all	part	of	the	Alpine	orogeny,	due	to	collisions	of	the	African	
and	Arabian	plates	with	 the	Eurasian	plate	 (Karl	&	Koch	2013,	Davis	 1971).	 In	particular	
the	collision	of	the	Arabian	plate	with	the	Eurasian	plate	during	the	Miocene	accelerated	
the	uplift	of	 the	Alborz,	Zagros	and	Kopeh-Dagh	mountains	and	 the	 lifting	of	 the	 Iranian	
and	Anatolian	plateaus	(Manafzadeh	et al.	2016).	The	formation	and	uplift	of	these	areas	
caused	an	aridification	of	the	Irano-Turanian	region.	In	addition	the	Irano-Turanian	region	
became	 a	melting	 pot	 of	 the	 climatic	 features	 of	 its	 surrounding	 regions	 (Djamali	 et al. 
2012,	Manafzadeh	et al.	2016).	This	makes	the	Irano-Turanian	region	a	place	where	species	
borders	cross	each	other,	allowing	many	species	to	co-occur	and	hybridize.
The	plant	 family	Brassicaceae	 (Cruciferae),	or	mustard	 family,	 contains	 several	 important	
vegetable	 crops	 (cabbage,	 broccoli,	 cauliflower,	 turnip,	 etc.)	 and	 several	 model	 plant	
species,	among	which	Arabidopsis thaliana (L.)	Heynh.	is	the	best	known.	The	Brassicaceae	
phylogeny	 is	 clearly	 split	 into	 a	 larger	 core	 clade	with	 324	 genera	 and	3680	 species	 (Al-
Shehbaz,	 2012)	 and	 a	much	 smaller	 sister	 clade,	 containing	 only	 the	 genus	Aethionema 
W.T.	Aiton	 (61	 species,	 The	Plants	 List,	 2013,	 Beilstein	et al.	 2006,	 2008,	 Couvreur	et al. 
2010	 Franzke	et al.	 2009,	Huang	et al.	 2015).	 The	divergence	between	Aethionema and 
the	Brassicaceae	core	group	occurred	sometime	during	the	Eocene,	between	32-54	millions	
years	ago	(Mya)	 (Huang	et al.	2016,	Hohmann	et al.	2015,	Edger	et al.	2015,	Beilstein	et 
al.	2010).	Although the ages in Beilstein et al. (2010) and Edger et al. (2015) represent the 
outer	limits	for	the	divergence	time,	their	confidence	intervals	overlap	with	the	mentioned	
late	Eocene	divergence	of	the	other	studies	(Hohmann	et al.	2015,	Huang	et al.	2016).	A	





Aethionema occurs	 mainly	 in	 the	 western	 Irano-Turanian	 region	 (Hedge	 &	 Davis,	 1965;	
Manafzadeh	et al.,	2016),	the	hypothesized	but	not	proven	centre	of	origin	for	Brassicaceae	
(Al-Shehbaz	et al.	 2006,	 Couvreur	et al.	 2010,	 Franzke	et al.	 2011,	Warwick	et al.	 2010,	
Hedge	1976).	Aethionema	species	have	ovate	to	linear	leaves,	are	mainly	perennial	(though	
five	species	are	annual)	have	mainly	angustiseptate	(flattened	parallel	to	septum)	dehiscent	
fruits (though some species also have indehiscent fruits making them heterocarpic) and 
some species produce spines (Lenser et al.,	 2016;	 Prantl,	 1891).	 The	 base	 chromosome	
number	 of	Aethionema is	 likely	 seven	 or	 eight,	 although	 this	 can	 go	 up	 to	 x=24 due to 
polyploidy	 events	 (Warwick	 &	 Al-Shehbaz	 2006).	 The	 comparison	 of	 the	 now	 available	
genome of Aethionema arabicum (L.)	Andrz.	ex	DC. (Haudry	et al. 2013) to the genomes 
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of the Brassicaceae core group showed that Aethionema and the rest of the Brassicaceae 
share	the	At-alpha	whole	genome	duplication	(Edger	et al.	2015),	have	methionine-derived	
glucosinolates	 (Hofberger	et al.	 2013)	 and	 positionally	 conserved	 long	 non-coding	 RNAs	
and other conserved non-coding sequences (Mohammadin et al.,	 2015,	 Haudry	 et al., 
2013).	 Hence,	Aethionema	 shares	 the	 known	 cruciferous	 synapomorphic	 traits	with	 the	
Brassicaceae	core	group.	The	evolutionary	important	position	of	Aethionema facilitates its 
use	 in	a	 comparative	 framework	 to	understand	 trait	 evolution	and	 speciation	across	 the	
Brassicaceae.	
The	 phylogenetic	 position	 of	 the	 genus	 Aethionema	 historically	 has	 been	 uncertain.	 It 
was	assigned	 to	 the	 tribe/sub-tribe	of	Sinapeae/	Cochleariinae	 (Prantl,	1891),	Lepidieae/
Iberidinae	 (Hayek	1911),	and	Lepidieae/Thlaspidinae	 (Schulz	1936,	 Janchen	1942).	Based	
on the chloroplast rbcL	 gene,	 Price	 et al.	 (1994)	were	 the	 first	 to	 infer	 the	 sister	 group	
relationship	 of	 Aethionema with	 the	 core	 Brassicaceae.	 This	 phylogenetic	 position	 has	
been	corroborated	by	additional	 studies	 (Bailey	et al.,	2006;	Beilstein	et al.,	2006,	2008;	
Franzke	et al.,	2009;	Couvreur	et al.,	2010;	Warwick	et al., 2010).	However,	five	traditionally	
recognized	Aethionema	species	have	been	synonymized	into	the	Brassicaceae	core-group	






Here	 we	 present	 a	 comprehensive	 phylogenomic	 framework	 of	 Aethionema based	 on	
whole	plastome	and	nuclear	ribosomal	DNA	sequences	generated	mainly	from	herbarium	
specimens.	The	mixture	of	a	high	species	coverage	with	a	large	number	of	molecular	markers	




phylogenetic	and	biogeographical	history	of	Aethionema species divergences adds a piece 
to	the	puzzle	to	understand	the	paleo-ecological	context	of	crucifer	diversification.
Materials and Methods
Taxon sampling, sequencing and assembly
We	sampled	fifty	different	Aethionema species (A. turcicum and A. transhyrcanum consisted 
of	two	samples	each),	five	species	of	Noccaea (N. trinervia, N. oppositifolia, N. iberidea, N. 
rotundifoli and N. apterocarpa)	formerly	classified	in	Aethionema,	and	an	outgroup	species	
Cleome droserifolia,	 from	 the	 sister	 family	 Cleomaceae.	 Thirty-nine	 of	 these	 fifty-eight	
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DNA	isolation,	library	preparation	and	sequencing	for	the	‘Copenhagen’	samples	were	done	
according to Bakker et al. (2015).	DNA	isolation	and	library	preparation	for	the	‘Missouri’	
samples	was	conducted	as	 follows.	 Leaves	collected	 from	the	Missouri	Botanical	Garden	
Herbarium	were	 ground	 in	 liquid	 nitrogen	 and	 kept	 at	 -20°C	until	 further	 use.	DNA	was	
isolated	with	 the	Qiagen	 DNeasy	 Plant	Mini	 Kit	 (Qiagen,	 Hilden,	 Germany).	 Quality	 and	




Library	 preparation	 was	 done	 with	 the	 Illumina	 TruSeqTM	 DNA	 Sample	 Preparation	 kit	
(Illumina,	San	Diego,	CA,	USA)	using	the	Low-Throughput	protocol	following	manufacturer’s	




Both	 sample	 batches	were	 assembled	 using	 IOGA	 v1.6	 (Bakker	 et al.	 2015).	 IOGA	 is	 an	
iterative	assembly	pipeline	that	uses	a	reference	file	to	assemble	a	genomic	component.	
To	assemble	the	plastid	genomes	(plastomes),	we	used	the	same	reference	plastomes	as	
in Bakker et al.	(2015).	For	the	nuclear	rDNA	regions,	we	used	the	Brassica rapa complete 
rDNA	downloaded	from	NCBI	genbank	(gb	code:	KM538956.1).	Samples	with	 fewer	than	
92,784	reads	were	discarded.	Samples	with	more	than	26	million	reads	were	subsampled	
before	 assembly	 using	 seqtk	 (seed=100,	 subsample	 size	 =1,000,000).	 Suppl.	 Table	 2	
contains	the	assembly	summaries.	Aethionema diastrophis, A. kopetdaghi, A. caespitosum, 
A. marashicum and A. papillosum did	not	 have	enough	 read	 coverage	 for	 assembly	 and	
were	hence	discarded.	After	assembly,	there	were	a	total	of	46	Aethionema	species,	the	five	
Noccaea species and the outgroup species Cleome droserifolia.	
Annotations, alignment and data matrix construction
The	chloroplasts	were	annotated	using	the	Arabidopsis thaliana chloroplast	as	a	reference.	





I,	 lineage	 II	and	expanded	 lineage	 II	according	 to	Beilstein	et al.	 (2006),	 lineage	 III	 is	not	





concatenating	 the	 individual	 alignments	with	 Sequence	Matrix	 (Vaidya	et al.	 2011).	 The	
chloro-matrix	consisted	of	eighty	 terminals	with	59,360	nucleotides	 (10,531	variable	and	





Brassica rapa as	 a	 reference.	 BlastN	 (Altschul	et al.	 1990),	with	 E-value	 ≤	 e10	 and	 query	






The	 final	 rDNA-matrix	 consisted	 of	 5,857	 nucleotides	 (206	 variable	 and	 443	 parsimony	
informative	sites)	and	72	terminals.	Suppl.	Dataset	2	contains	the	used	rDNA	alignment.
Phylogenetic analyses
Phylogenetic	 trees	 for	 the	 chloro-matrix	were	 inferred	 under	maximum	 likelihood	 using	
RaxML	v	8.2.4	(GTR+GAMMA,	random	seed	and	1000	bootstrap	pseudoreplicates)	on	the	
CIPRES	science	gateway	(Stamatakis	2014,	Miller	et al.	2010).	To	assess	whether	partitioning	
a	 large	 dataset	 with	 59,360	 nucleotides	 has	 an	 effect	 on	 the	 support	 of	 the	 backbone	





using	 the	 GTR	models	 of	 RaxML	 for	 models	 of	 evolution	 and	 the	 Bayesian	 information	













To	 assess	 whether	 the	 Aethionema	 clades	 could	 be	 characterized	 by	 morphological	
characters,	we	scored	leaf	shape	(ovate	vs.	linear),	fruit	morph	(dehiscent	vs.	heterocarpic),	
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Divergence date estimates
We	 inferred	 a	 time	 calibrated	 phylogenetic	 tree	 using	 Bayesian	methods	 to	 understand	
the	timing	of	speciation	of	Aethionema	using	the	chloro-matrix.	We	used	an	uncorrelated	
relaxed	molecular	clock	to	account	for	rate	variability	among	lineages	as	 implemented	in	
BEAST	v1.8.3	(Drummond	et	al.	2006,	2012).	BEAUti	v1.8.3	(Drummond	et al. 2012) was used 
to	create	a	XML	file.	Secondary	calibration	of	the	(lower	and	upper	bound	of	47.8-60.6	Mya)	
crown-node	age	of	Brassicaceae	was	set	as	a	uniform	prior,	including	confidence	intervals,	
following	 the	 most	 recently	 published	 crown	 node	 age	 of	 the	 Brassicaceae	 (Cardinal-
McTeague	 et al.	 2016)	 overlapping	with	 other	 estimates	 of	 the	 known	 crown-node	 age	










To	 understand	 the	 geographical	 distribution	 and	 historical	 patterns	 of	 Aethionema, we 
conducted	 an	 ancestral	 area	 reconstruction.	 The	 digitized	 herbarium	 sheets	 available	
from	 the	Global	 Biodiversity	 Information	 Facility	 (GBIF	 2012)	were	 used	 to	 estimate	 the	
geographical	distribution	of	all	used	Aethionema	species.	To	reconstruct	the	ancestral	areas	of	
Aethionema,	we	used	specimens	belonging	to	Aethionema sensu stricto (44 species), hence 
excluding	the	above-mentioned	Noccaea	 species.	Many	Aethionema	have	been	collected	




Our data showed that Aethionema	 species	 are	distributed	 from	 the	 Iberian	Peninsula	 in	
the	west	to	Afghanistan	and	Turkmenistan	in	the	east,	and	from	Switzerland	in	the	north	
to	 Tunisia	 in	 the	 south.	 We	 made	 14	 area	 delimitations	 based	 on	 species	 distribution	
and	geography	 following	 the	floristic	 regions	of	 Takhtajan	 (1986)	 and	 the	eco-regions	of	
Olson et al.	 (2001).	These	regions	followed	geological	barriers	 (mountains),	containing	at	







Ancestral	area	reconstruction	was	done	with	S-DIVA	and	BBM	in	RASP	v3.2	(Yu	et al. 2015) 
with	maximally	three	areas	allowed	for	both	methods.	For	both	methods	we	used	20,000	







heterocarpic	 species	 (two	 different	 sized	 fruits),	 annual	 species	 (pink	 flowers)	 and	 species	 with	 spines	 (spiny	
branch).	






bias	 the	 ancestral	 area	 reconstruction	we	 reduced	 each	 terminal	 to	 one	 representative.	
Hence	we	excluded	the	duplicate	Aethionema turcicum and A. spinosum* from our RASP 
analyses.	 Our	 focus	 here	was	 to	 understand	 the	 dispersal	 and	 vicariance	 processes	 and	
the ancestral area of Aethionema,	hence	we	excluded	the	core	group	from	our	historical	
biogeographical	analyses.
Results
Plastome and nuclear rDNA assemblies
DNA	 and	 library	 preparation	 was	 done	 from	 herbaria	 and	 silica-dried	 materials	 on	 58	
samples from 52 Aethionema	 specimens	 (50	different	species),	five	Noccaea species and 
the outgroup species Cleome droserifolia from	the	family	Cleomaceae.	The	sequencing	was	
successful	for	51	specimens,	of	which	45	were	different	Aethionema species (75% species 
coverage).	The	number	of	reads	over	all	samples	ranged	from	92,784-103,154,570	before	
read	trimming	and	quality	checks.	Trimming	and	quality	checks	are	incorporated	in	the	IOGA	





GC	content	was	37.18%	 (SD±4.78%),	a	bit	higher	 than	 the	GC	content	of	 the	A. thaliana 
chloroplast	(36.3%).	
We	assembled	the	nuclear	 ribosomal	DNA	(rDNA)	genes	and	 Internal	Transcribed	Spacer	
(ITS)	regions	for	42	Aethionema	species,	the	five	Noccaea species and C. droserifolia.	The	






Phylogenetic reconstruction of Aethionema 
To	assess	whether	partitioning	59,360	markers	(chloro-matrix)	had	an	effect	on	the	resolution	
of	the	backbone	of	the	Aethionema phylogeny,	we	used	different	partition	models	varying	














the	already	well-supported	nodes.	One	conflicting	 species	 is	A. transhyrcanum occurring 
in	clade	B	as	well	in	clade	C.	However,	the	herbarium	sheets	of	these	samples	showed	that	
the C-clade A. transhyrcanum used	to	be	called	A. spinosum, hence we assume here that 











Aethionema and the core Brassicaceae diverged in the Paleogene with the middle 
Eocene	(~48	Mya,	95%	HPD	=	58.94-37.5	Mya)	as	its	most	probable	date	of	origin	(Figure	
S4).	The	diversification	of	 the	A,	B	clades	 from	the	C	clade	of	Aethionema have its most 
probable	origin	at	the	beginning	of	the	Miocene	(~24	Mya,	95%	HPD=34.58-14.61).	This	is	







Unpartitioned 1 -200558.61 166 401450.16
Partitioned
per codon
3 -199167.71 184 398704.57
PartitionFinder 12 -191324.48 265 383181.35






Unpartitioned 1 -17693.13 150 35694.20
PartitionFinder 2 -16969.05 159 34265.02
ITSvsCoding	
Partition
2 -16969.05 159 34265.02
Gene	partition 5 -16772.58 186 33929.44
Partitioned
per codon
11 -16593.58 240 33687.75
a)	number	of	partitions	used	for	a	model.	
Number	of	free	parameters	and	the	AIC	values	calculated	after	(Barrett	et	al.,	2016).









In total we used 864 coordinates of Aethionema and Cleome droserifolia specimens for 
the	ancestral	area	reconstruction	(Suppl.	Table	2).	In	general,	ancestral	area	reconstruction	
had	low	support	(<50%),	both	with	S-DIVA	and	BBM	(Fig.	2).	Fig.	2	shows	for	all	nodes	of	




and	central	 Turkey	BBM	6.31%).	Clade	B	was	mainly	 inferred	 to	originate	 from	 the	Anti-
Taurus	mountains	(BBM;	E=4.61%)	or	from	a	combination	of	the	eastern	Pontic	mountain	
range	 and	 the	Anti-Taurus	 (S-DIVA;	G=13.1%,	 E=7.22%	 and	 EG=6.54%).	 According	 to	 the	
S-DIVA	analysis,	 the	 spiny	Aethionema	 clade	C	does	not	have	a	distinct	 centre	of	 origin,	
as	all	the	combinations	of	the	Anti-Taurus	mountains,	the	eastern	Pontic	mountain	range,	
the	Hyrcanian	forests,	the	Zagros	Mountains	and	the	Hindu-Kush	mountains	have	the	same	
probability	 of	 6.67%.	 However,	 the	 BBM	 analysis	 inferred	 the	 eastern	 Pontic	 Mountain	
range	and	 the	Hyrcanian	 forest	 (G=15.84%,	 L=9.83%	and	GL=8.11%)	 as	 the	origin	of	 the	
C	 clade.	 The	most	 recent	 common	 ancestor	 of	Aethionema originated on the west side 
of	the	Anatolian	diagonal	 (E	and	G)	as	shown	by	the	BBM	(E=8.1%	and	G=7.5%)	and	the	
S-DIVA	analyses	(E=47.14%	and	G=47.14%).	The	low	probabilities	and	the	lack	of	a	coherent	
ancestral	 area	 reconstruction	 could	be	due	 to	 a	 complicated	distribution	pattern	 among	
the Aethionema	clades	 (Fig.	2).	To	explain	the	origin	of	current	distribution	patterns,	 the	
historical	biogeographical	 analysis	 inferred	either	136	dispersal	 and	25	 vicariance	events	







The	 Irano-Turanian	 region	 has	 been	 regarded	 as	 the	 potential	 centre	 of	 origin	 of	 the	
Brassicaceae	 family	 (Hedge	1976,	Franzke	et al.	2011)	and	 is	hotspot	of	species	diversity	
for	this	economically	important	plant	family.	Nevertheless,	there	are	only	a	few	studies,	like	
the	present	one,	exploring	biogeographic	patterns	and	evolution	of	ecologically	important	
characters of plant groups in this area (Özüdoğru	et al.	2015	and	references	therein).	Using	
76	 cholorplast	 markers	 and	 the	 nuclear	 rDNA	 we	 inferred	 a	 time-calibrated	 phylogeny	
showing that Aethionema,	the	sister	of	the	Brassicaceae	core	group,	has	diversified	along	








In	 addition	 to	 Aethionema the	 Irano-Turanian	 regions	 seems	 to	 harbour	 the	 origin	 of	





America via the Bering Land Bridge and into Australia via long-distance dispersal from 
western	California,	followed	by	hybridization	with	South	African	species	(Mummenhoff	et 
al.	2001,	2004;	Koch	and	Kiefer	2006;	Dierschke	et al.	2009).	Using	one	nuclear	marker	and	
one plastome spacer Özüdoğru	et al. (2015) showed that the genus Ricotia	likely	originated	
from	the	Antalya	region	or	the	Anatolian	Diagonal.	The	genus	Heldreichia has its highest 
morphological	leaf	diversity	in	the	south	east	of	the	Anatolian	Diagonal	(Parolly	et al.	2010).	
With	 a	 haplotype	 analysis	 Ansell	 et al. (2011) showed that Arabis alpina had its origin 











Aethionema	 can	be	split	 in	 three	main	clades	 (A,	B	and	C).	The	three	clades	can	roughly	
be	distinguished	morphologically	based	on	leaf	shape	and/or	the	presence	of	spines.	Our	
results	agree	with	the	maximum	likelihood	analysis	of	Lenser	et al.	(2016),	based	on	only	
two	 chloroplast	 markers	 and	 fewer	 taxa,	 and	 resolve	 that	 heterocarpic	 infructescence,	




Fig. 2 (Next page) Ancestral	area	reconstruction	of	Aethionema	along	a	geological	time	scale.	Blocks	on	the	right	
correspond	with	the	occurrence	for	every	terminal.	Grey	is	used	as	a	background,	colour	all	other	colours	match	
with	the	areas	 in	the	 inserted	map.	The	three	highest	S-DIVA	and	BBM	results	are	given	for	fifteen	nodes	with	
















been	recognized	for	the	Brassicaceae	genera	Lepidium, Draba and Arabis, specially	Arabis 
alpina (Mummenhoff	et al.	2001;	Jordon-Thaden	2009;	Ansell	et al.	2011;	Karl	&	Koch	2013)	
and in this research for Aethionema.
The	dispersal	of	Aethionema	happened	mainly	during	the	Pleistocene	when	an	 ice	sheet	
covered	 the	 European	 continent	 that	 did	 not	 reach	 into	 the	Mediterranean	 and	 Irano-
Turanian	region	(Ansell	et al.	2011,	Micó	et al.	2009).	The	temperate	climate	in	the	Irano-
Turanian	 region	 during	 the	 glacial	 periods	might	 have	made	 it	 possible	 for	Aethionema 
species	to	disperse,	as	they	tend	to	grow	at	high	elevations	and	flower	before	the	summer	
heat	(Bibalani	2012).	Aethionema dispersed	and	probably	went	through	allopatric	speciation	
cycles,	 including	 hybridization	 and	 polyploidization,	 after	 the	 newly	 formed	 mountain	
ranges	caused	topographical	heterogeneity	in	the	Irano-Turanian	region.	The	Aethionema 
diversification coincided	with	the	Arabideae	diversification,	 the	 largest	Brassicaceae	tribe	
(Karl	&	Koch	2013).	It	has	been	hypothesized	that	the	rapid	radiation	seen	in	the	Brassicaceae	
might	have	been	due	to	the	evolution	of	novel	traits	(Schranz	et al.	2012).	The	co-evolution	
of	 the	 Pirideae	 butterflies	 and	Brassicaceae	 defence	 compounds	 (glucosinolates)	 against	
the	Pirideae	caterpillars	is	an	example	of	a	co-evolved	novel	trait	(Edger	et al.	2015).	Our	
research	 puts	 the	 evolution	of	 these	 novel	 traits	 in	 a	 time	 frame	where	 local	 geological	
changes	might	have	had	a	hand	in	the	radiation	of	a	plant	family	and	together	with	it	the	
evolution	other	kingdoms.	However,	 this	hypothesis	 still	needs	 to	be	 tested	by	assessing	
radiation	patterns	of	the	different	Brassicaceae	lineages,	including	Aethionema.			
Our	analyses	place	the	crown	node	age	of	the	Brassicaceae	in	the	Early	Eocene,	around	48	




directly	 through	 fossils	 (primary	 calibration)	 or	 by	 using	 already	 published	 estimates	
(secondary	 calibration).	 When	 a	 secondary	 calibration	 method	 is	 used,	 the	 error	 rates	
should	be	taken	into	account	(Franzke	et al.	2016).	The	presently	known	Brassicaceae	fossils	
are	from	derived	branches	in	the	core	group	(see	Franzke	et al.	(2016)	for	an	overview).	As	
our focus here is on the divergence of Aethionema,	a	lineage	without	known	fossils,	we	used	
the	most	 recent	 calibration,	 including	error	 rates,	 for	 the	most	 recent	 common	ancestor	
of	 the	 Brassicaceae	 and	 Cleomaceae	 (Cardinal-McTeague	 et al.	 2016).	 Our	 estimates	 of	
the divergence of Aethionema into	three	clades	corresponds	to	the	estimations	done	until	
now	(Hohmann	et al.	2015,	Huang	et al.	2016,	Cardinal-McTeague	et al.	2016),	taking	the	
confidence	intervals	into	account	(Franzke	et al.	2016).	
We	used	a	combination	of	 silica	dried	and	herbarium	specimens	 to	 infer	 the	chloroplast	
and	nuclear	rDNA	phylogenies.	The	newest	sequencing	techniques	make	it	possible	to	use	
natural	history	collections	in	a	phylogenomic	context,	although	fewer	reads	are	recovered	
from older specimens (Bakker et al.	 2015).	 Herbarium	 specimens	 have	 been	 used	 to	
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investigate	the	movement	of	domesticated	crops	(Ames	&	Spooner	2008)	and	their	pests	




quantified	by	Goodwin	et al.	 (2015))	 the	uncritical	 use	of	 natural	 history	 specimens	 can	
lead	to	inaccurate	results.	Our	herbarium	samples	were	curated	under	supervision	of	the	





To	conclude, we found that the centre of origin of the genus Aethionema	is	most	probably	
along	 the	 Anatolian	 Diagonal.	 Aethionema	 dispersed	 throughout	 the	 Irano-Turanian	
region	 after	 the	 uplift	 of	 the	 Iranian	 and	 Anatolian	 plateaus	 and	 the	 formation	 of	 the	
mountain	ranges	in	Iran	and	Turkey.	Being	the	sister	lineage	of	the	Brassicaceae	core	group,	
Aethionema	 comprise	an	evolutionary	 important	position	 for	 comparative	 studies	within	














is	 a	 herbarium	 sample	 that	 our	 molecular	 data	 show	 as	 A. spinosum while its original 
















Suppl. Fig. 2 A)	Maximum	Parsimony	cladogram	based	on	the	chloro-matrix.	B)	Phylogram	of	the	chloro-matrix	(6	
chloroplast	coding	regions)	(maximum	likelihood	analyses,	GTR+GAMMA,	unpartitioned).
2B
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Suppl. Fig. 3 Cladogram	based	on	the	maximum	likelihood	analysis	(GTR+GAMMA,	unpartitioned)	of	the	rDNA-
matrix.	Bootstrap	values	 for	different	partition	models	 (unpartitioned/ITS	vs	coding	region/	per	gene	partition/	
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Aethionema species are the sister-group to the core Brassicaceae (including Arabidopsis 
thaliana)	 and	 thus	 have	 an	 important	 evolutionary	 position	 for	 comparative	 analyses.	
Aethionema arabicum	(Brassicaceae)	is	emerging	as	a	model	to	understand	the	evolution	






genes in this region were	 chaperonins	 involved	 in	protein	 folding.	Moreover,	 a	 genome-
wide	selection	analysis	 found	evidence	for	positive	selection	of the paralogous GSTF9/10 
genes	 involved	 in	 responses	 to	 oxidative	 and	 drought	 stress.	 Additionally,	 an	 analysis	 of	
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Introduction
The	genus	Aethionema	W.T.	Aiton	 (tribe	Aethionemeae)	 is	 the	sister-group	to	 the	rest	of	
the	Brassicaceae	 family	and	thus	serves	as	an	 important	group	to	study	the	evolution	of	
cruciferous	 traits.	 The	 fast-flowering	 annual	 species	Aethionema arabicum	 (L.)	 Andrz.	 ex	
DC.	 (Aethionemeae,	 Brassicaceae)	 is	 being	 utilized	 as	 a	model	 for	 comparative	 analysis.	
For	 example,	 genetic	mapping	 of	Ae. arabicum	 provides	 the	 opportunity	 to	 understand	
structural	genomic	evolution	in	the	light	of	Brassicaceae	genomic	blocks	(Lysak	et al.	2016,	






of Ae. arabicum. 
Aethionema arabicum	 is	native	to	the	stony	slopes	across	the	Irano-Turanian	region	with	
its	most	Western	and	Northern	border	being	Bulgaria	(Velchev	2015).	The	Irano-Turanian	
region	harbours	 three	biodiversity	hotspots	and	 is	at	 the	 interface	of	 the	Mediteranean,	
Saharo-Sindian	 and	 Euro-Siberian	 regions	 containing	 32,000	 endemic	 species	 (Takhtajan	
1986,	Manafzadeh	et al.	2016,	Davis	1965).	In	the	western	Irano-Turanian	region	a	floristic	
break	occurs	 that	connects	 the	south-western	Turkish	mountains	with	 the	north	eastern	
Iranian	 mountains:	 the	 Anatolian	 Diagonal	 (Davis	 1965).	 Hence	 the	 mountains	 of	 the	
Anatolian	Diagonal	connect	the	otherwise	isolated	mainly	west-eastern	oriented	Anatolian	





Brassicaceae	 (Al-Shehbaz	et al.	2006,	Couvreur	et al.	2010,	Franzke	et al.	2011,	Warwick	
et al.	2010,	Hedge	1976).	This	hypothesis	holds	 for	 the	crucifer	genera	Draba, Lepidium, 
Ricotia and Aethionema (Mummenhoff	et al.	2001,	Jordon-Thaden	2009,	Jordon-Thaden	et 
al.	2013,	Özüdoğru et al.	2015,	Mohammadin	et al.	submitted).
The	 genus	Aethionema	 shares	 the	 typical	 cruciferous	 traits,	 e.g.	 the	methionine-derived	
glucosinolates	(GS	,	i.e.	mustard	oils)	with	the	Brassicaceae	core	group	(Edger	et al.	2015,	
Hofberger	et al.	2013).	GS	are	a	novel	suite	of	metabolites	developed	within	the	Brassicales	
as	 chemical	defences	against	pathogens	and	herbivores	 (Hofberger	et al.	 2013,	 Edger	et 
al.	 2015,	 Halkier	 &	 Gershenzon	 2006).	 Glucosinolates	 are	 derived	 from	 a	 basic	 sugar	
molecule	and	an	amino	acid	with	a	side	chain	that	can	be	elongated	with	carbon	molecules	
(Halkier	 &	 Gershenzon	 2006,	 Redovnikovic	 et al.	 2008).	 In	 addition	 to	 their	 function	 as	







In	 addition	 to	 the	phenotypic	 synapomorphies	 shared	with	 the	 rest	of	 the	Brassicaceae,	
Aethionema	also	share	the	At-alpha	WGD	event	with	the	rest	of	the	Brassicaceae	(Schranz	
et al.	2012,	Edger	et al.	2015).	WGD,	also	known	as	polyploidy,	can	also	be	associated	with	
shifts	 in	speciation	rates	(Koenig	&	Weigel	2015,	Soltis	et al.	2009,	Zhang	2003,	Ha	et al. 






Polyploidisation	can	occur	by	a	 lack	of	gamete	 reduction	 (autopolyploidy)	or	by	genome	
hybridization	of	two	species	coupled	with	lack	of	gamete	reduction	(allopolyploidy).	After	
an	 allopolyploid	 event,	 polyploid	 and	 diploid	 progenitors	 have	 differing	 chromosome	
complements,	leading	to	potential	immediate	reproductive	isolation.	However	reproductive	
isolation	is	not	always	the	case.	For	example,	gene	flow	from	the	diploid	Capsella rubella 
(Brassicaceae) to the tetraploid Capsella bursa-pastoris	contributes	to	the	genetic	variation	
of C. bursa-pastoris	(Slotte	et al.	2008).	Although	a	WGD	event	could	be	a	playground	for	
natural	 selection,	 many	 studies	 show	 that	 polyploids	 are	 not	 significantly	 differentiated	
from	 their	 diploid	 relatives	 (Arrigo	&	Barker	 2012),	 nor	 are	 their	 speciation	 rates	 higher	
(Mayrose	et al.	2011).
Aethionema arabicum	has	mainly	been	studied	in	a	comparative	framework	with	the	rest	
of the Brassicaceae (Mohammadin et al.	2015,	Hofberger	et al.	2013,	Beilstein	et al.	2012),	
to	investigate	the	genome	and	transcriptome	sequences	(Haudry	et al.	2013,	Edger	et al. 
2015,	Mohammadin	et al.	2015),	 long	non-coding	RNAs	and	other	conserved	non-coding	
sequences	 (Haudry	 et al.	 2013,	Mohammadin	 et al.	 2015),	 telomerases	 (Beilstein	 et al. 
2012),	and	the	glucosinolate	biosynthetic	pathway	(Hofberger	et al.	2013).	To	improve	our	
understanding of Ae. arabicum evolution, knowledge	about	the	patterns	of	genetic	diversity	
and	structure	within	the	species	are	required.	Here	we	used	a	genome-wide	approach	to	
understand	 the	 genomic	 diversity	 between	 different	 Ae. arabicum accessions sampled 
widely	in	the	Irano-Turanian	region.	Analysis	of	nucleotide	polymorphism	data	derived	from	





Plant material, RNA isolation, sequencing and assembly
Aethionema arabicum	seeds	from	seven	different	accessions	from	Cyprus,	Iran	and	Turkey	
were	 sown	 in	 sowing-soil	 in	pots	 (9cmx9cmx10cm)	and	grown	 in	 the	greenhouse	at	 the	
University	of	Amsterdam	(18°C	at	night,	20°C	day	temperature,	12:12	light:dark	regime)	in	
the	winter	of	2011.	Turk1	and	Turk2	were	from	Konya	(Turkey,	UTM	coordinates:	36.58077	
N;	 032.27649	 E	 and	 37.01166	 N;	 032.19826	 E),	 Turk3	 from	 Elaziğ,	 Turkey	 (no	 GPS	 data	
available).	Iran1	came	from	the	Dizin	mountains	(Karaj,	Iran,	UTM	coordinates:	36.06851	N;	
051.19645	E)	and	Iran2	and	Iran3	from	the	base	of	the	Touchal	mountain	(Tehran,	Iran,	UTM	









arabicum, was used as the out-group (Lenser et al.	2016)	for	selection	pattern	analyses.	The	
Ae. carneum transcriptomes	generated	by	Mohammadin	et al.	(2015)	were	used.	
Flow cytometry
In	addition	to	the	seven	Ae. arabicum plants	mentioned	above,	we	sowed	Ae. carneum and 
the Ae. arabicum reference	line	for	flow	cytometry	measurements	(see	above	for	sowing	
details).	The	ploidy	levels	of	the	eight	Ae. arabicum lines and Ae. carneum were measured 
with	a	flow	cytometer	(Partec	ClabTM,	Munster,	Germany).	Fully-grown	leaves	of	the	same	
age	were	used	 (gain	=	340).	The	nuclei	were isolated	by	mincing	 the	 leaves	with	a	 razor	
blade	in	1ml	of	the	standard	isolation	buffer	4,6’-diamidino-2-phenylindole	(DAPI)	(Dolezelt	
et al.	1998).
SNP calling and filtering
Single	Nucleotide	Polymorphisms	 (SNPs)	were	called	with	 the	unified	genotyper	of	GATK	
(McKenna	et al.	2010,	DePristo	et al.	2011)	with	 the	BadCigar	 read	filter,	operating	over	
scatter_005	intervals	and	using	the	Ae. arabicum genome	(Haudry	et al.	2013)	as	a	reference.	
Alignments of the coding regions were made using in house perl scripts producing diploid 
alignments.	 The	VCF	file	was	filtered	with	GQ	≥	 40,	 excluding	 SNPs	with	missing	 alleles.	
VCFtools	 (Danecek	et al.	2011)	was	used	to	filter	SNP	data,	and	calculate	the	number	of	
heterozygous	 loci	per	 individual	and	fixed	heterozygosity	 levels.	Diploid	alignments	were	
made	 based	 on	 the	 GATK	 output,	 with	 ‘allele_1’	 being	 the	 same	 as	 the	 reference	 and	
‘allele_2’	containing	all	the	mutations.
























STRUCTURE	 v	 2.3.4	 (K=2-	 5,	 burn-in	 period=10,000,	 20,000	 runs;	 Pritchard	 et al. 2000) 
and	PCOA	analyses	were	used	for	population	structure	analyses.	Both	were	conducted	on	




were	made	 in	R	v	3.2.1	with	 the	“ggplot2”	package	 (Wickham	2009)	and	combined	with	
inkscape	and	GIMP.		
Maximum	likelihood	trees	were	inferred	for	the	unphased	alignments	that	passed	the	SNP	






We	assessed	synteny	between	Ae. arabicum and the 959 Arabidopsis thaliana single	copy	












(Bachtrog	&	Andolfatto	2006)	 for	every	allele	 type	 separately	and	averaged	per	allele	 to	
have	a	per	gene	per	individual	specific	descriptive.	For	genome-wide	patterns	we	used	our	



































































































































































































































































































































































al.	(in	prep).	Arabidopsis thaliana homologs of the Ae. arabicum genes were assessed with 
the	SynFind	tool	CoGe	(Lyons	&	Freeling	2008).	
Glucosinolate isolation and analysis
Seeds	from	all	 lines	were	 imbibed	on	wet	filter	paper	 in	the	dark	for	three	days	at	20°C.	
Five	 seeds	 from	 the	 same	 individual	 were	 sown	 in	 12cm	 round	 pots,	 in	 sowing	 soil,	 in	
the	greenhouse	at	Wageningen	University	and	Research	in	the	summer	of	2016.	Flowers,	
fruits	and	 leaves	were	 isolated	from	3	adult	plants	per	 line,	 frozen	 in	 liquid	nitrogen	and	
kept	 at	 -80°C.	 Samples	were	 freeze-dried	 for	24	hours	 and	ground	with	4-10	2mm	glass	
beads.	 Samples	 that	 were	 lighter	 than	 4mg	 were	 pooled.	 Samples	 between	 4-10mg	
were	extracted	with	1mL	of	 80%	methanol	with	 an	 internal	 standard	of	 0.05	mM	 intact	
4-hydroxybenzylglucosinolate.	 The	 samples	 were	 analysed	 by	 HPLC-UV	 following	 Burow	
et al.	 (2006)	with	the	 following	adjustments	of	 the	chromatographic	gradient:	water	 (A)-
acetonitrile	(B)	gradient	(0-8	min,	10-50%	B;	8-8.1	min,	50-100%	B;	8.1-10min	100%	B	and	
10.1-13.5	min	 10%	B;	 flow	 1.0	mL	min-1).	 The	Ae. arabicum genes of the glucosinolate 
pathway	were	based	on	the	A. thaliana	homologs	found	by	(Hofberger	et al.	2013).	Using	
BlastN	we	assessed	whether	 these	genes	were	expressed	 in	our	 transcriptome	data	and	
whether	 they	were	under	 selection	by	assessing	 their	presence	 in	our	 list	of	 genes	with	
SNPs.	
Results 
Sequencing statistics and flow cytometry
We sequenced the transcriptomes of seven Ae. arabicum	 lines	that	are	representative	of	
the	species	distribution	 range.	 In	addition,	we	used	 the	already	published	 transcriptome	
of the reference line of Ae. arabicum  (Haudry	et al. 2013) and of the outgroup species Ae. 
carneum (Mohammadin et al.	2015).
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between	 the	Ae. arabicum reference line and the outgroup Ae. carneum (Table	1).	 Flow	
cytometry	 analyses	 showed	 that	 the	 Iranian	 lines	 are	 tetraploid	 while	 all	 the	 other	Ae. 










Out	 of	 the	 9,070	 coding	 genes	 with	 SNPs,	 there	 were	 8,969	 unphased	 alignments	 that	
passed	the	RAxML	criteria.	The	consensus	network	of	all	8,969	trees	show	that	 in	93.5%	
of	 the	 trees	 the	 second	allele	 from	 the	 Iranian	 lines	 split	 off	 from	 the	other	 alleles	 (Fig.	
1).	 Both	 alleles	 of	 the	 Turkish	 lines,	 the	first	 allele	of	 the	 Iranian	 lines	 and	 the	Cypriotic	









genome	wide	 diversity	 patterns.	 This	was	 conducted	 to	 exclude	 biases	 by	 quantitatively	
comparing	populations	with	different	ploidy	levels,	although	this	also	assumes	a	potential	








Table 3	Forty-two	Aethionema arabicum	 (Gene)	genes	with	the	dN/dS	values	above	2	and	the	function	of	their	
Arabidopsis thaliana	(Ath)	homologs.	Ordering	is	based	on	linkage	group	(LG)	of	Nguyen	et al.	(in	prep.)
Gene d N / d S	
Iran
d N / d S	
Turkey
LG Ath homolog Function
AA46G00131 2.12 NA 1 AT2G22420 Peroxidase	superfamily	protein
AA46G00063 2.1 2.04 1 AT2G21390 Coatomer,	alpha	subunit
AA39G00033 NA 5.67 1 AT1G17340 SAC5;	 	 Phosphoinositide	 phosphatase	
family	protein
AA37G00130 NA 2.59 1 AT1G16250 Galactose	oxidase/kelch	repeat	superfamily	
protein
AA38G00092 3.58 3.52 2 AT1G69890 Unknown	function
AA31G00578 8.6 6.5 2 AT1G73660 SIS8;	similarity	to	MAPKKKs.	May	function	
as	a	negative	regulator	of	salt	tolerance.
AA16G00008 NA 3.12 2 AT3G46960 SKI2;	The	gene	encodes	a	DExD⁄H	box	RNA	
helicase
AA33G00186 6.4 7.06 3 AT2G18915 ADAGIO2;	 encodes	 a	 member	 of	 F-box	
proteins
AA26G00586 2.71 2.03 3 AT3G19130 RBP47B;	RNA-binding	protein	47B
AA26G00557 6.01 5.8 3 AT3G1878 ACT2;	 an	 actin	 constitutively	 expressed	 in	
vegetative	structures	
AA26G00211 NA 2.02 3 AT3G14990 ATDJA1A;	 a	 homolog	 of	 animal	 DJ-1	
superfamily	protein
AA17G00105 3.86 NA 3 AT3G23080 Polyketide	 cyclase/dehydrase	 and	 lipid	
transport	superfamily	
AA60G00134 4.05 4.75 4 AT2G36580 Pyruvate	kinase	family	protein
AA32G00948 2.01 NA 4 AT2G27180 Unknown	protein
AA32G00681 NA 3.32 4 AT2G30170 PCBP;	 a	 chloroplast	 PP2C	 phosphatase	
required	for	efficient	dephosphorylation	of	
PSII	proteins,	involved	in	light	acclimation
AA32G00635 NA 4.78 4 AT2G30860 GSTF9;	 Encodes	 glutathione	 transferase	
from	phi	class	of	GSTs
AA32G00024 NA 2.57 4 AT4G00752 UBX	domain-containing	protein
AA10G00445 3.54 4.05 4 AT4G26850 GGP;	involved	in	ascorbate	biosynthesis
AA53G00888 3.25 2.42 5 AT3G26782 Tetratricopeptide	 repeat	 (TPR)-like	
superfamily	protein
AA53G00570 2.08 NA 5 AT1G61740 Sulfite	exporter	TauE/SafE	family	protein
AA53G00165 NA 4.68 5 AT1G32080 Encodes	 LrgAB/CidAB	 protein	 localized	
to the chloroplast envelope involved 
in	 chloroplast	 development,	 carbon	
partitioning	and	leaf	senescence.
AA102G00285 2.25 2.6 5 AT4G31340 Myosin	heavy	chain-related
AA87G00277 2.3 NA 7 AT4G14410 BHLH104;	DNA	binding
AA6G00107 2.35 NA 7 AT4G19860 Encodes	 a	 cytosolic	 calcium-independent	
phospholipase	A.
AA3G00143 NA 2.37 7 AT4G09970 Unknown	protein
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Table 3 continued
Gene d N / d S	
Iran
d N / d S	
Turkey
LG Ath homolog Function
AA27G00216 2.32 NA 7 AT5G35910 RPP6L2;	 a	 nuclear-localized	 RRP6-like	
protein
AA27G00041 NA 2.21 7 AT5G38160 Bifunctional	 inhibitor/lipid-transfer	
protein/seed	 storage	 2S	 albumin	
superfamily	protein
AA55G00047 2.4 2.77 8 AT5G52060 A	 member	 of	 Arabidopsis	 BAG	 (Bcl-2-
associated	athanogene)	proteins.
AA44G00394 NA 4.13 8 AT5G11420 Unknown	protein
AA41G00046 2.34 2.34 8 AT5G51150 Mitochondrial	 import	 inner	 membrane	
translocase	subunit




AA4G00198 NA 2.15 9 AT5G64650 Ribosomal	protein	L17	family	protein
AA21G00354 NA 2.78 9 AT2G46200 Unkown	protein.
AA19G00252 5.75 6.03 9 AT5G03240 UBQ3;	encodes	ubiquitin	that	is	attached	to	
proteins	destined	for	degradation.
AA62G00082 NA 4.45 10 AT3G53360 Tetratricopeptide	 repeat	 (TPR)-like	
superfamily	protein
AA61G00625 2.2 3.04 10 AT3G62980 Tetratricopeptide	 repeat	 (TPR)-like	
superfamily	protein
AA61G00276 2.86 3.07 10 AT3G58570 P-loop containing nucleoside triphosphate 
hydrolases	superfamily	protein
AA61G00272 5.22 6.54 10 AT3G58510 DEA(D/H)-box	RNA	helicase	family	protein
AA2G00087 NA 2.25 10 AT1G49540 ELP2;	elongator	protein	2
AA2G00072 2.75 2.88 10 AT1G49340 PI4K; phosphatidylinositol 4-ki-
nase expressed in inflorescences 
and shoots
AA20G00085 2.16 NA 11 AT2G20920 Protein of unkown function
AA57G00218 4.99 2.69 11 AT4G19600 Encodes a cyclin T partner 
CYCT1;4. plays important roles in 










The	within	 population	polymorphisms,	 synonymous	 substitution	 rates,	 and	 the	between	
species	dN/dS	ratios	were	calculated	for	every	gene	and	plotted	relative	to	their	genomic	
location	based	on	their	genetic	linkage	map	positions	(Fig.	2).	dN/dS	ratios	were	calculated	




























































































































































































































































































































































































































































(average	 πsyn=0.0074	 ±	 0.0093	 SD,	 Wilcoxon	 Rank	 Sum	 test	 with	 continuity	 correction,	
W=216,580,	 p=0.29).	 This	 region	 harbours	 59	 genes	 with	 dN/dS	 averages	 of	 0.1434	 (±	
0.156	SD,	n=57)	for	the	Iranian	lines	and	0.1434	(±	0.1666	SD,	n=55)	for	the	Turkish	lines	
(Suppl.	Table	1).	dN/dS	values	were	not	significantly	different	from	the	rest	of	the	genome	
















selection	for	GST9, which is the tandem duplicate of GSTF10.	These	genes	are	involved	in	
the	building	of	the	core	structure	of	 indolic	glucosinolates	and	induced	by	drought	stress	
(Sønderby	 et al.	 2010,	 Ryu	 et al.	 2009).	 Some	 of	 the	 genes	 under	 selection	 here	 have	
extremely	high	dN/dS	values	(Table	3),	up	to	dN/dS	>	8,	these	extreme	values	maybe	due	to	
misalignment	between	paralogous	tandem	duplicated	genes.
Differences in glucosinolate content
The	Iranian	and	Turkish	lines	were	very	similar	in	their	aliphatic	glucosinolate	content	within	
their	 different	tissues	 (Table	 4).	However,	 the	 indolic	GS	profiles	 varied:	 the	 Turkish	 and	
Cypriotic	lines	have	a	higher	diversity	of	GS	components	compared	with	the	Iranian	lines.	
Out	of	the	89	genes	of	the	GS	pathway	that	are	syntenic	with	Ae. arabicum (Hofberger	et al. 
2013) 39	were	expressed	in	our	transcriptomes	(Suppl.	Table	2).	Our	filtered	unphased	SNP-
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Discussion
Here	 we	 present	 the	 population	 structure,	 genetic	 diversity	 and	 selection	 pattern	 of	
Ae. arabicum using	 a	 genome	 wide	 approach	 and	 transcriptome	 analysis	 from	 a	 wide	
geographical	range.	Despite	our	small	sample	size,	Aethionema arabicum populations	have	
different	 ploidy	 levels	 with	 individuals	 from	 Iran	 being	 tetraploid	 while	 the	 Turkish	 and	
Cypriotic	ones	are	diploid.	A	network	analysis	showed	that	the	Turkish	and	Cypriotic	alleles	
and	one	Iranian	allele	cluster	together.	The	other	Iranian	allele	however	is	as	distant	from	
this cluster as the sister species Ae. carneum, suggesting	tetraploid	origin.	Genome	wide	
diversity	analyses	showed	that	from	the	genes	that	are	under	selection,	14%	have	organeller	
functions	largely	within	mitochondria	and/or	chloroplasts.	As	selection	happens	at	the	level	
of	 traits,	 we	 analysed	 glucosinolate	 (GS)	 defence	 compounds	 between	 the	 populations,	
showing	a	 low	diversity	of	 indolic	GS	 in	the	Iranian	 lines	while	the	Turkish/Cypriotic	 lines	
had	a	higher	indolic	concentration	and	diversity.	We	found	that	the	Ae. arabicum homologs 
of the tandem duplicated GSTF9/10 are	 under	 selection	 in	 the	 Turkish/Cypriotic	 lines.	
GSTF9 and GSTF10 are	involved	in	the	biosynthesis	of	GS	indolic	compounds	and	respond	to	
pathogens	and	drought	stress.
Flow-cytometry	and	genetic	analyses	of	Ae. arabicum showed that the Iranian individuals 
studied	here	were	tetraploid	and	had	a	low	level	of	indolic	glucosinolate	compounds,	while	
the	Turkish	and	Cypriotic	lines	were	diploid	and	had	a	high	and	more	diverse	level	of	indolic	
glucosinolates.	 In	 addition	 to	 the	 ploidy	 differences	 between	 the	 Iranian	 and	 Turkish/
Cypriotic	 lines,	 we	 also	 observed	morphological	 differences	 between	 these	 populations	
(personal	 observations).	 The	 Iranian	 lines	 have	 rounder	 leaves	 compared	 to	 the	 Turkish	
and	Cypriotic	 lines.	Not	all	morphological	 characters	differ	between	 Iranian	and	Turkish/
Cypriotic	 individuals.	With	 only	 four	 leaves	 until	 flowering,	 the	 Cypriotic	 line	 is	 a	much	






allele	 is	 incorporated	 into	 the	 Turkish/Cypriotic	 cluster	 and	 the	 other	 allele	 is	 as	 distant	
as the outgroup species Ae. carneum	(Fig.	1	and	Suppl	Fig	2	and	3).	The	assumption	made	
for	 the	gene	alignments,	phased	and	unphased,	 is	 that	one	of	 the	alleles	 is	more	similar	





levels:	Cardamine yezoensis from eastern Asia (Marhold et al.	2010),	many	Draba species 
(Brochmann	 1993,	 Jordon-Thaden	 et al.	 2013),	 various	Boechera	 species	 (Schranz	 et al. 
2005,	Sharbel	et al.	2005),	the	European	Biscutella laevigata	(Tremetsberger	et al.	2002),	




individuals	is	from	the	subspecies	complex	of	Arabidopsis neglecta	subsp.	neglecta (diploid) 
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and Arabidopsis neglecta	 subsp.	 robusta	 (tetraploid).	 Here	 the	 diploid	 is	 found	 above	
the	tree-line	 in	high	alpine	habitats	and	the	tetraploid	occurs	below	tree-line	 in	different	
mountain ranges (Schmickl et al.	2012).
A	 genome-wide	 analysis	 of	 the	Ae. arabicum	 genetic	 diversity	 showed	 a	 higher	 level	 of	
synonymous	diversity	within	 the	 Turkish	 lines	 and	 low	 levels	 of	 genetic	diversity	 for	 the	
Iranian	lines	(Fig.	2).	While	the	Iranian	lines	were	sampled	from	a	very	limited	geographic	
area,	 the	distribution	of	 the	Turkish	 lines	was	over	a	much	 larger	geographical	area.	The	
synonymous	diversity	levels	of	the	two	Ae. arabicum clusters	are	comparable	with	that	of	A. 
thaliana, A. lyrata, Boechera stricta and Capsella grandiflora showing	similar	synonymous	
substitution	rates	for	self-pollinating	Brassicaceae	species	between	0.003-0.023	(Gossmann	
et al.	 2010,	 Slotte	et al.	 2010,	Williamson	et al.	 2014).	 Similarly,	 the	dN/dS	 ratios	of	Ae. 
arabicum	fall	within	the	range	of	dN/dS=0.13-0.21	found	in	the	257	exonic	regions	of	the	
annual,	biannual	and	perennial	species	Arabidopsis lyrata, Capsella grandiflora and Noccaea 









in	protein	 folding,	especially	when	cells	are	 stressed	 (Levy-Rimler	et al.	 2002).	They	also	
buffer	the	destabilization	of	protein	mutations	and	can	as	such	 increase	genetic	diversity	




Glucosinolate	 (GS)	 profiles	 vary	 depending	 on	 tissue	 and	 at	 the	 species	 level	 (Brown	 et 
al.	 2003,	Kliebenstein	et al.	 2001).	 The	GS	 composition	of	Arabidopsis thaliana is	 locally	




necrotrophic	fungi	(Zhang	et al.	2015	and	the	references	therein).	One	A. thaliana homolog 
from	the	GS	biosynthesis	pathway	under	selection	in	the	Turkish/Cypriotic	lines:	GSTF9 and 




chain	modifications	(Sønderby	et al.	2010).	GSTF9 and GSTF10 are	tandem	repeats	belonging	
to	the	plant	specific	‘phi’	class	of	glutathionine	transferase	(Hayes	et al.	2005,	Bergh	et al. 
2016).	Glutathione	transferases	are	in	general	part	of	the	chemical	transformation	of	toxic	
compounds,	catalysing	the	conjugation	of	electrophilic	centre	with	tripeptide	glutathionine	
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(GSH)	(Coleman	et al.	1997,	Frova	2006,	Hayes	et al.	2005).	Although	GSTF9/10 are tandem 
duplicates	 they	 seem	to	be	expressed	under	different	 stressful	 condituins	 in	A. thaliana.	
GSTF9	 expression	 increases	 in	 cold	 treated	 seedlings,	while	GSTF10	 expression	 increases	
under	drought	stress	(Ryu	et al.	2009).	GST10 also	belongs	to	a	GST group that produces 
proteins	 in	 response	 to	 increased	 oxidative	 stress	 that	 is	 elevated	 by	 a	 pathogen	 attack	
(Marrs	 1996).	 Thus	 the	 positive	 selection	 found	 here	 on	 the	 GSTF9/10 paralogs might 
indicate	the	adaptation	of	the	Turkish/Cypriotic	lines	to	fungal/pathogen	attacks	or	abiotic	
stresses	such	as	drought	stress.	
While the genome of Ae. arabicum has	been	used	 for	comparative	genetic	and	genomic	
studies,	 little	 is	 known	about	 the	 extant	 diversity	 of	 this	 species.	 This	 is	 partially	 due	 to	
the	current	political	 instability	across	the	 Irano-Turanian	region,	making	 it	hard	to	collect	
samples	for	larger	studies.	Here	the	lack	of	individual	and	population	samples	was	slightly	
counter-parted	with	the	large	transcriptome	datasets	generated.	This	resulted	in	the	finding	















Suppl.	Table	1. Population	genomic	descriptives	and	function	of	Arabidopsis thaliana   
            homologs of Aethionema arabicum	genes	of	the	59	“Iranian	peak”	genes.
Suppl.	Table	2.	Population	genomic	descriptives	and	function	of	Arabidopsis thaliana   
            homologs of Aethionema arabicum	glucosinolate	genes.	
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Suppl. Fig. 1	 STRUCTURE	 plots	 showing	 the	 clusters	 of	Aethionema arabicum	 populations	 from	 Iran	 (Iran1-3),	
Turkey	 (Turk1-3),	 Cyprus	 (Cyp),	 the	 Reference	 (Ref)	 line	 and	 Aethionema carneum (Ae. carneum)	 transcribed	
protein-coding	genes,	with	k	between	2-5.




















Suppl. Fig. 2	Consensus	network	of	158	bi-allelic	expressed	protein	coding	single	copy	genes	of	seven	Aethionema 
arabicum lines with Aethionema carneum	 used	 as	 the	 outgroup.	 The	 numbers	 along	 the	 branches	 show	 the	
percentage	 of	 trees	 supporting	 the	 branch.	 Naming	 of	 the	 tips	 is	 as	 follow:	 LocationPopulation_Allele.	 Hence	
Tur1_1	and	Tur1_2	are	the	two	alleles	of	the	Turk1	population,	coming	from	Turkey.	IR=	Iran	and	Cyp=	Cyprus.
Suppl. Fig. 3	Consensus	network	of	25	bi-allelic	expressed	protein	coding	genes	from	a	phased	alignment	of	seven	
Aethionema arabicum lines with Aethionema carneum	used	as	 the	outgroup.	The	numbers	along	the	branches	
show	the	percentage	of	trees	supporting	the	branch.	Naming	of	the	tips	is	as	follow:	LocationPopulation_Allele.	




Major multi-trait quantitative trait locus controls 
glucosinolate content across developmental 
stages of Aethionema arabicum (Brassicaceae)
Setareh Mohammadin1, Thu-Phuong Nguyen1,            












important	 position	 to	 study	 crucifer	 trait	 evolution.	 Glucosinolates	 (GS)	 are	 essentially	
Brassicales-specific	 metabolites	 involved	 in	 plant	 defence.	 Using	 two	 Ae. arabicum 
accessions	(TUR	and	CYP)	we	identify	substantial	differences	in	glucosinolate	profiles	and	
quantities	between	 lines,	tissues	and	developmental	 stages.	We	find	tissue	specific	 side-
chain	modifications	in	aliphatic	glucosinolates:	methylthioalkyl	in	leaves,	methylsulfinylalkyl	
in	 fruits	 and	 methylsulfonylalkyl	 in	 seeds. We	 also	 find	 large	 differences	 in	 absolute	
glucosinolate	content	between	the	two	accessions	(up	to	ten-fold	in	fruits)	that	suggest	a	
regulatory	factor	is	involved	that	is	not	part	of	the	quintessential	glucosinolate	biosynthetic	




genes.	 The	 interval	 contains	 homologs	 of	 both	 the	 sulphate	 transporter	 SULTR2;1 and 
FLOWERING LOCUS C (FLC).	Both	loci	have	diverse	functions	controlling	plant	physiological	
and	developmental	 processes	 and	 thus	 are	potential	 candidates	 regulating	 glucosinolate	
variation	across	the	life-cycle	of	Aethionema.		























Arabidopsis thaliana	 is	 used	 as	 an	 important	 system	 to	 understand	GS	 biosynthesis	 and	
flowering	time.	GS	quality	and	quantity	change	throughout	the	development	of	A. thaliana 
(Brown et al.,	2003;	Petersen	et al.,	2002)	and	are	influenced	by	the	presence	of	nutrients,	
such	as	 sulphur,	 that	are	 incorporated	 into	GS	 (Aarabi	et al.	 2016,	 Falk	et al.	 2007).	 The	
availability	 of	 these	 compounds	 can	 lead	 to	 local	 adaptation	 of	 GS	 pathway	 genes	
(Kliebenstein	et al.,	2001b).	GS	are	derived	from	amino	acids	and	can	accordingly	be	divided	
into	three	main	groups:	indolic,	aromatic	and	aliphatic.	The	molecular	mechanisms	of	the	













GS-AOP	 genes,	 in	 a	AOP-0	 background	 and	 found	 that	 they	 changed	 the	 flowering	 time	










varies	 throughout	 the	 species	distribution	 (Nguyen	et al.	 in	prep,	Mohammadin	et al. in 
prep).	Aethionema arabicum is	 being	 studied	 to	 understand	 the	molecular	mechanisms	
of fruit heteromorphism (Lenser et al.	 2016).	 Heteromorphism	 is	 when	 dehiscent	 and	
indehiscent	 fruits	occur	on	the	same	 infructensence	and	 is	hypothesized	to	be	a	survival	
strategy	in	unpredictable	environments.	The	completion	of	the	Ae. arabicum genome has 
made	it	possible	to	study	and	show	the	synteny	of	GS	genes	between	A. thaliana and Ae. 
arabicum (Haudry	et al.	2013,	Hofberger	et al.	2013).	However,	the	diversity	of	GS	profiles	





















the species range of Ae. arabicum (Nguyen	et al.	 in	prep.).	CYP	and	TUR	are	the	parents	





pots,	with	five	 in	each	pot.	 Seeds	 for	 the	QTL	experiments	were	 stratified	at	~	4°C	after	
which	they	were	incubated	at	18°C	to	allow	germination.	Seedlings	were	individually	sown	
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the	 plant.	 Seedlings,	 leaves,	 flowers,	 immature	 fruits	 and	mature	 fruits	 where	 sampled	
separately	 and	 in	 triplicate.	 Sampling	 was	 always	 done	 at	 11:00	 AM,	 taking	 diurnal	 GS	
variation	into	account	(Petersen	et al.	2002).	For	the	QTL	experiment,	leaves	were	collected	
when	 the	RILs	 and	parental	 lines	had	 six	 fully	 developed	 leaves.	All	 plants	 then	 showed	
reproductive	buds	or	were	fully	flowering.	Per	line,	leaves	from	two	individuals	were	pooled.	










GS extraction and measurements
2-10mg	of	freeze-dried	leaves	or	10mg	of	seeds	were	extracted	with	1	mL	of	80%	methanol	
solution	(v:v)	containing	0.05	mM	intact	4-hydroxybenzylglucosinolate	as	internal	standard.	
Samples	were	analyzed	after	desulfation	by	HPLC-UV	as	described	 in	 (Burow	et al. 2006) 
with	 the	 following	 modification	 of	 the	 chromatographic	 gradient:	 water	 (A)-acetonitrile	
(B)	gradient	 (0-8	min,	10-50%	B;	8-8.1	min,	50-100%	B;	8.1-10min	100%	B	and	10.1-13.5	
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separately	as	done	by	 (Wei	et al.	 2014).	 This	pipeline	 includes	a	 single	 interval	mapping	
(SIM)	followed	by	a	composite	interval	mapping	(CIM)	and	a	final	model	selection	step	for	




trait (Wei et al.,	 2014	 and	 the	 references	 therein).	 A	multi-environment	 linkage	 analysis	
works	in	a	similar	way	as	a	multi-trait	analysis,	but	now	the	effect	of	the	environment	(here	
the	different	tissues)	on	the	QTLs	per	compound	is	assessed.	R/qtl	(Broman	et al. 2003) was 
used	to	asses	an	interval	of	1.5	LOD	expanded	to	the	markers	to	assess	the	genes	underlying	




Hofberger	et al.	 (2013)	 assessed	 the	 homology	 of	 the	GS	 pathway	 between	A. thaliana 












Glucosinolates during plant development in Aethionema arabicum








that	 also	 occurred	 in	 flowers,	 fruits,	 and	 leaves.	 In	 addition	 to	 8MSOO	 Ae. arabicum 
leaves	 and	 fruits	 also	 contained	 the	 Met-derived	 3MSOP,	 3MTP	 (3-methylsulfinylpropyl 
and 3-methylthiopropyl	 glucosinolates)	 and	 the	 indolic	 tryptophane-derived	 1MOI3M,	
4MOI3M,	 4OHI3M	 and	 I3M	 (indolyl-3-methyl,	 4-hydroxy-indolyl-3-methyl,	 4-methoxy-
indolyl-3-methyl,	 1-methoxy-indolyl-3-methyl	 glucosinolates	 respectively,	 Fig.	 1).	 Thus,	
compounds	differ	both	 in	 chain-length	elongation	and	 in	 side-chain	modifications	with	a	







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































environment	QTL	analyses	 (Table	2	and	Suppl.	 	Table	2).	Q8.2	 is	a	major	QTL	throughout	






by	 the	QTLs	within	 the	 fruits	 (Fig.	2).	 The	 indolic	 I3M	significantly	 interacts	with	Q8.2	 in	
the	 leaves	 (Fig.	 2).	 The	multi-trait	QTL	 (Fig.	 2)	 shows	 that	Q8.2	 always	 interacts	with	 all	
the	aliphatic	GS	in	all	tissues.	There	is	a	difference	in	interaction	between	3MSOP	in	leaves	
and	fruits:	while	3MSOP	has	a	significant	interaction	with	both	QTLs	in	fruits	there	is	only	
the	 significant	 interaction	 with	 Q8.2	 in	 leaves	 (Fig.	 2).	 3MTP	 however	 has	 a	 significant	
interaction	with	all	the	QTLs	in	leaves.	Hence	the	occurrence	of	3MTP	or	3MSOP	seems	to	
be	tissue	specific.	Moreover,	 compared	 to	 leaves	and	 fruits,	 seeds	have	 two	unique	 loci:	
Q2.1	and	Q8.1.
The	multi-trait	(Fig.	2)	and	multi-environment	(Suppl.	Table	2)	analyses	both	show	a	large	













Using	the	homology	and	synteny	between	A. thaliana and Ae. arabicum of	GS	pathway	genes	
(Hofberger	et al.	 2013)	we	assessed	whether	any	of	 the	genes	were	potential	 candidate	
genes	for	any	of	our	QTLs.	We	found	BCAT3	was	within	the	confidence	interval	of	Q2.1	and	
MYB28	was	in	the	confidence	interval	of	Q6.1.	None	of	the	GS	pathway	genes	were	coded	by	





proteolysis,	Pollen	Ole	e1,	one	unknown	protein,	the	sulphate	transporter	SULTR2;1 and the 
FLOWERING TIME LOCUS C.	
Eight out of the 15 genes within the 58kB interval had SNPs within the transcriptomes 
of Mohammadin et al.	 (in	 prep;	 Suppl.	 Table	 3).	 Although	 SULTR2;1 has SNPs in this 




of defence compounds in the annual Brassicaceae Aethionema arabicum.	 Although	 the	












which are the sulphur transporter SULTR2;1 and the FLOWERING TIME LOCUS C (FLC),	genes	
that	are	not	known	to	be	directly	involved	in	the	GS	biosynthesis	pathway.
Aethionema arabicum ripened	seeds,	from	CYP	as	well	as	from	TUR,	have	lower	GS	diversity	
than Ae. arabicum fresh	leaves.	This	differs	from	other	crucifers,	e.g.	A. thaliana, Brassica 
oleracea and B. napus,	where	 the	GS	diversity	 and	 concentration	 are	 the	highest	 in	 the	
seeds	and	decrease	 in	the	following	order	 in	the	 inflorescence,	siliques,	 leaves	and	roots	
(Brown et al.,	2003;	Sotelo	et al., 2014;	Velasco	et al.,	2008).	Aethionema arabicum fresh 
fruits,	including	seeds,	have	very	high	GS	levels	(Fig.	1)	comparable	to	the	levels	found	in	A. 
thaliana seeds (Brown et al.	2003).	While	all	Ae. arabicum	tissues	contain	indolic	GS,	their	
ripened	 seeds	 lack	 these	 compounds.	 The	 difference	 in	 indolic	GS	 is	 also	 seen	 between	
the seeds and leaves of A. thaliana, B. oleracea and B. napus (Brown et al.	2003,	Petersen	
et al.	2002,	Sotelo	et al.	2014,	Velasco	et al.	2008,	Kliebenstein	et al.	2001).	Aliphatic	GS	
are	 known	 to	 have	 a	 negative	 effect	 on	 the	 survival	 and	 growth	 of	 herbivorous	 insects	
(Beekweelder et al.	 2008)	 explaining	 the	 persistence	 of	 aliphatic	GS	 in	 the	 two-year-old	
Ae. arabicum	seeds,	but	also	the	presence	of	GS	 in	seeds	of	Brassicaceae	that	 lack	GS	 in	




translocation	process	 (away	 from	the	 seeds)	as	 the	 seeds	 ripen,	 though	 it	might	also	be	
correlated	to	the	developmental	stage	of	ripened	seeds,	hypotheses	still	to	be	tested.	




rusticana)	 roots	 can	 differ	 up	 to	 twenty	 times	 in	 GS	 concentration	 depending	 on	 the	
accession (Agneta et al.	2014);	American	wild	radish	(Raphanus raphanistrum) accessions 
has	more	than	20x	difference	in	GS	concentrations	in	its	secondary	branches	of	plants	from	
North Carolina vs Mississippi (Malik et al.	2010);	and	A. thaliana leaves	can	have	extremes	
of	more	than	10x	differences	in	total	GS	concentrations	(Kliebenstein	et al.	2001).	




GS	precursors	are	kept	 in	the	chain	elongation	 loop	as	 long	as	they	are	not	used	(Olson-
Table 2	Significant	QTLs	from	multi	trait	analyses	in	Aethionema arabicum TURxCYP	recombinant	inbred	lines.	The	
percentage	of	variability	explained	is	shown	for	every	GS	compound	that	had	a	significant	(α	≤	0.05)	interaction	
with	the	QTL.
QTL Marker Tissue LGa Pos.	(cM)b -Log(p) GSc PVE	%d










































Q8.1 S93_383588 Seed 8 11.54 4.14 3MSOOP 7.2
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Manning et al.	2015).	Aethionema arabicum has	tissue	specific	oxidization	levels	of	GS	side	
chain	modifications:	 leaves	were	mainly	 correlated	with	3MTP,	while	3MSOP	 is	 linked	 to	




architecture	 controlling	 GS	 variation	 in	 Ae. arabicum	 can	 elucidate	 GS	 regulation	 and	
tissue	 specific	 side	 chain	modifications.	Moreover	 the	 correlation	between	 the	 long	 and	
short	aliphatic	GS	indicates	a	similar	regulatory	factor.	However,	none	of	the	expected	GS	
pathway	genes,	e.g.	MAM’s,	CYP’s, GS-OX’s	or	AOP’s	were	associated	with	identified	QTLs.	
Only	 two	 of	 the	minor	QTLs	 contain	 genes	 involved	 in	 the	 chain	 elongation:	BCAT3 and 
MYB28 (Beekweelder et al.	2008,	Knill	et al.	2008).	BCAT3	is	involved	in	the	chain	elongation	
process and BCAT3 knockouts	 increase	the	 level	of	 long	chain	GS	compounds	(Knill	et al. 
2008,	Sønderby	et al.	2010).	Although	it	is	not	known	how	MYB28 is involved in the long-
chain	GS	biosynthesis	it	has	been	shown	that	the	knockout	myb28	blocks	the	expression	of	
long-chain GS (Beekweelder et al.	2008).	








fine	mapping	 this	 region	 indicated	 fifteen	 genes,	 among	which	 the	 sulphate	 transporter	
SULTR2;1 and FLOWERING TIME LOCUS C (FLC,	one	of	the	MADS-box	transcription	factors	




Sulphur	 is	 used	 in	 the	 biosynthesis	 of	 several	 compounds	 varying	 from	 amino	 acids	 to	
proteins,	 co-enzymes,	 vitamins	 and	 defence	 metabolites	 like	 GS	 (Gigolashvili	 &	 Kopriva	
2014,	Falk	et al.	2007).	With	at	least	two	sulphur	atoms	GS	can	include	~30%	of	the	plants	
sulphur	(Aarabi	et al.	2016).	The	addition	of	sulphur	can	increase	GS	levels	with	25%-50%,	
depending on the amount of sulphur and the treatment (Falk et al.	2007).	There	are	four	
groups	 of	 sulphate	 transporters:	 high	 affinity	 transporters	 (SULTR1’s);	 plastid	membrane	
transporters	and	low	affinity	transporters	such	as	(SULTR2’s);	transporters	of	the	symbiosome	
membrane	of	the	legume:rhizobia	symbiosis	(SULTR3’s);	and	transporters	with	an	unknown	
function	 (SULTR4’s)	 (Gigolashvili	&	Kopriva	 2014).	 The	 low	affinity	 sulphate	 transporters,	
such as SULTR2;1 depend	more	on	sulphur	availability	and	hence	respond	quicker	to	sulphur	
deficiency	 (Falk	et al.	 2007).	Under	 sulphur	deficient	circumstances	GS	are	broken	down	
and used as a sulphur source (Falk et al.	2007)	while	the	biosynthesis	of	GS	 is	 repressed	
(Aarabi	et al.	2016).	The	importance	of	sulphur	for	GS	and	its	locality	under	our	major	QTL	
might	indicate	an	indirect	relation	between	sulphur	transport	and	GS	formation,	especially	




The	 MADS-Box	 gene	 FLOWERING TIME LOCUS C (FLC) is	 expressed	 throughout	 the	 life	
cycle	and	in	many	tissues	of	Brassicaceae	species. However,	it	is	primarily	known	as	a	floral	
repressor	in	meristems	where	expression	is	stably	repressed	upon	prolonged	cold-treatment	
or	vernalization	(Deng	et al.	2011,	Bouché	et al.	2016,	Ietswaart	et al.	2012).	Aethionema 
arabicum	is	a	relatively	fast	flowering	annual	and	does	not	require	vernalization.	Potentially,	
Ae. arabicum FLC	is	involved	in	the	regulation	of	GS	biosynthesis.	Our	data	show	that	the	
levels	of	 leaf	GS	 increase	at	 the	onset	of	budding	 in	Ae. arabicum.	The	transition	from	a	
vegetative	to	a	generative	life	stage	effects	many	aspects	of	the	plant	biology.	For	example,	
the	biosynthesis	of	GS	can	reduce	fitness	in	A. thaliana	(Kliebenstein	2004).	In	A. thaliana 
and B. napus	even	the	production	of	a	new	leaf	leads	to	an	increase	of	GS	concentration	
in the new leaf compared to the older leaves (Brown et al.	2003).	FLC has more than 500 
binding	sites	in	the	A. thaliana genome with CYP79B3	being	one	of	them	(Deng	et al.	2011).	
CYP79B3	belongs	to	the	cytochrome	P450	CYP79	family	and	is	involved	in	the	formation	of	
the	core	structure	of	 indolic	GS	(Sønderby	et al.	2010).	The	major	QTL	(Q8.2)	found	here	
in Ae. arabicum	 likely	 indicates	a	 link	between	GS	biosynthesis	and	development.	Jensen	
et al.	 (2015)	 showed	 that	 the	 introduction	of	 the	GS-AOP genes in AOP-0 lines does not 
change	the	GS	 levels,	but	 influences	flowering	time.	This	effect	depended	on	the	genetic	
background	and	could	vary	between	an	 increase	and	decrease	of	flowering	time	(Jensen	
et al.	2015).	They	hypothesized	that	AOP2 and AOP3	could	mediate	the	cross	talk	between	
flowering	and	defence.	
Our Ae. arabicum lines	show	a	natural	transition	from	vegetative	tissue	to	generative	tissue	
correlates	with	a	 transition	 in	GS	content,	although	 it	could	be	regulated	vice	versa.	QTL	
analyses	for	GS	content	of	three	different	tissues	all	point	to	one	major	QTL	containing	two	















Suppl.	Table	2.	Significant	QTLs	from	multi	environment	analyses	in	Aethionema arabicum  
	 											TURxCYP	recombinant	inbred	lines




Suppl. Fig. 1	Total	Aliphatic	and	indolic	glucosinolates	(umol/gram	dry	weight)		measured	in	leaves	of	Aethionema 
arabicum	(A	for	CYP	and	B	for	TUR).	The	x-axis	denotes	the	weeks	after	the	start	of	the	experiment.



















































































The effects of whole genome duplications 
Whole	Genome	Duplications	(WGD	or	polyploidisation)	greatly	alter	the	genomic	content	
of	 a	 species	 and	 thus	 impact	 speciation	 (Soltis	 et al.	 2009).	 Ohno	 postulated	 that	 gene	
duplications	 likely	have	a	major	role	 in	evolution	(Ohno	1970).	He	stated	that	 it	 is	easier	
to	 duplicate	 something	 that	 already	 exists	 than	 to	 create	 something	 new	 (Ohno	 1970,	
Wolfe	2001).	After	polyploidisation,	duplicated	genes	can	be	retained,	get	a	new	function	















(Jiao	et al.	 2011),	 are	 found	within	nearly	 all	 plant	 genomes.	 Twenty-five	percent	of	 the	
A. thaliana genes	are	retained	from	ancient	polyploidy	events	(Blanc	&	Wolfe	2004).	This	




The	 advantages	 of	 polyploid	 individuals	 seem	 to	 be	 related	 to	 severe	 unstable	
environments	 (Kagale	 et al.	 2014),	 when	 an	 increase	 in	 gene	 content	 and	 expression,	
increased	heterozygosity,	neofunctionalisation	and	epigenetic	reprogramming	might	all	be	
advantageous	 (Kagale	et al.	 2014,	 Fawcett	et al.	 2009,	Comai	 2006).	 For	 example,	many	
ancient	WGD	events	coincide	at	the	K-T	boundary	(Vanneste	et al.	2014,	Kagale	et al.	2014,	
Fawcett	et al.	2009),	the	major	extinction	event	that	caused	the	extinction	of	the	dinosaurs	
and	 the	extinction	of	many	plants,	 i.e.	 up	 to	 ~60%	of	 the	North	American	plant	 species	
(Fawcett	et al.	2009	and	the	references	therein).	This	probably	explains	 the	non-uniform	
distribution	of	WGDs:	most	WGD	events	are	near	 the	tips	of	 the	angiosperm	phylogeny,	
when	 many	 of	 the	 currently	 known	 plant	 families	 originated,	 such	 as	 the	 Brassicaceae	
(Fawcett	et al.	2009,	Mayrose	et al.	2011,	Vanneste	et al.	2014,	Kagale	et al.	2014).	
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their	 regulatory	 elements	 should	 hence	 be	 taken	 into	 account	 in	 analyses	 on	 functional	







From paleo-ecological circumstances to species genetic diversity
Speciation	depends	on	the	genetic	and	genomic	background	within	a	species	and	on	the	
biotic	and	abiotic	circumstances.	Both	genomic	background	and	local	(a)biotic	factors	define	
the	level	of	plasticity	of	a	species.	The	historical	biogeography	of	Aethionema showed us 
that	the	major	geological	events	during	the	Miocene	in	the	Irano-Turanian	region	correlate	






(Arnold et al.	2015,	Arnold	et al.	2016).	Similarly,	I	found	ploidy	differences	in	our	analysis	
of Ae. arabicum	 (Chapter	4).	Our	sample	sizes	were	too	small	 to	assess	whether	there	 is	
geological,	 geographical	 or	 (a)biotic	 separation	 between	 these	 populations.	Nonetheless	
the	 Iranian	 tetraploid	 populations	 already	 differ	 in	 their	 defence	 compounds	 from	 their	
diploid	counterparts	and	these	differences	seem	to	have	been	selected	for	 (Chapter	4).	 I	
do	not	yet	know	whether	or	what	the	effect	of	 these	differences	 is	on	the	fitness	of	 the	
tetraploid	populations.	My	population	genetic	analyses	did	confirm	that	one	of	Brassicales	
key-innovations,	glucosinolates,	plays	a	role	in	the	genetic	diversity	of	Ae. arabicum.
Natural	 history	 collections	 are	 a	 valuable	 resource,	 not	 only	 for	 phylogenomics	 and	
phylogeography	 (Wandeler	et al.	 2007,	Bakker	et al.	 2015,	Chapter	3)	but	also	 to	assess	
the	genetic	variation	of	a	species	over	time.	Using	markers	 that	have	a	higher	chance	 in	
being	preserved	over	time	and	 show	allelic	 variation	 can	help	 to	 investigate	 the	 change	
in	population	dynamics	and	haplotypes	over	time	(Cozzolino	et al.	2007,	Wandeler	et al. 
2007).	Cozzolino	et al.	(2007)	used	this	approach	to	understand	the	haplotype	loss	in	the	










defences	 against	 herbivores	 and	 their	 fitness	 effects	 (reviewed	 by	 Hopkins	 et al.	 2009).	
However,	 these	 two	worlds	have	 rarely	 come	 together.	An	exception	 to	 this	 is	 the	 study	
of	Jensen	et al.	(2015,	see	Chapter	5).	We	examined	changes	in	glucosinolates	throughout	
the development of two Ae. arabicum	 lines	 (CYP	and	TUR).	We	also	 identified	QTLs	 that	
control	glucosinolate	synthesis	within	different	tissues	by	using	recombinant	inbred	lines	of	
CYP	and	TUR	(Chapter	5).	Fine	mapping	the	major	genomic	location	resulted	in	two	main	




consists	of	 a	 total	of	15	genes	we	have	not	 shown	 the	 causality	between	 the	molecular	
background	of	plant	development	and	plant	defence.	
Currently	there	are	no	successful	stable	transformation	protocols	available	for	Ae. arabicum,	




on	glucosinolate	biosynthesis	 indiscernible. One	way	 to	assess	whether	SULTR2;1 and/or	
FLC	directly	affect	glucosinolate	content	 is	by	fine	mapping	 the	 region	and	assessing	 the	
glucosinolate	phenotype.	Gene	expression	analyses	(RT-PCR)	of	FLC and SULT2;1 of	the	fine	
mapping	population	might	 help	 to	 investigate	whether	 the	phenotypes	 are	due	 to	 gene	
sequences	 or	 gene-expression.	 Experiments	 involving	 pathogen	 and	 herbivore	 stress	 on	
the	 (fine	mapped)	 RIL	 population	might	 help	 to	 assess	 the	 causality	 between	 flowering	
and	 glucosinolate	 composition.	 These	 stress-experiments	 could	 be	 combined	 with	 gene	








The	Whole	Genome	Duplication	Radiation	 Lag	 Time	model	 (WGD-RLT	model,	 Schranz	et 
al.	 2012)	 states	 that	 diversification	 lags	 behind	 a	WGD	 event.	 Tank	 et al. (2015) used a 
diversification	model	 to	 investigate	 the	presence	of	 a	WGD-RLT	within	 the	 angiosperms.	
However	 the	WGD-RLT	 is	not	 the	mechanism	behind	 the	 spurs	of	diversification	 seen	 in	















the challenges for understanding the Brassicaceae species-rich core is the lack of a well-
supported	phylogeny.	However,	this	is	underway	(Koch	et al.	personal	communication).	A	
well-supported	phylogeny	of	the	Brassicaceae	family	could	resolve	the	questions	about	the	









genetics	 and	 genomics,	 but	 also	 for	 ecological	 important	 traits	 (e.g.	 fruit	 dimorphism;	
Lenser et al.	2016).	 In	 this	 thesis,	 I	 investigated	Aethionema	 at	 its	historical,	genetic	and	








Aarabi, F., Kusajima, M., Tohge, T., Konishi, T., Gigolashvili, T., Takamune, M., Sasazaki, 
Y., et al.	 2016.	 Sulfur	 deficiency–induced	 repressor	 proteins	 optimize	 glucosinolate	
biosynthesis	in	plants.	Science Advances,	2,	1–18.
Agneta, R., Möllers, C., De Maria, S. & Rivelli, A.R.	2014.	Evaluation	of	root	yield	traits	




Al-Shehbaz, I.A., Beilstein, M.A. & Kellogg, E.A.	2006.	Systematics	and	phylogeny	of	the	
Brassicaceae	(Cruciferae):	an	overview.	Plant Systematics and Evolution,	259,	89–120.
Altschul, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman, D.J.	1990.	Basic	local	alignment	
search	tool.	Journal of Molecular Biology,	215,	403–410.
Ames, M. & Spooner, D.M.	2008.	DNA	from	herbarium	specimens	settles	a	controversy	
about	origins	of	the	European	potato.	American Journal of Botany,	95,	252–257.
Ansell, S.W., Stenoien, H.K., Grundmann, M., Russell, S.J., Koch, M. a., Schneider, H. & 
Vogel, J.C.	2011.	The	importance	of	Anatolian	mountains	as	the	cradle	of	global	diversity	in	
Arabis alpina,	a	key	arctic-alpine	species.	Annals of Botany,	108,	241–252.
Arnold, B., Kim, S., Bomblies, K. & Biology, E.	 2015.	 Single	 geographic	 origin	 of	 a	
widespread	autotetraploid.	Molecular Biology and Evolution,	32,	1382–1395.
Arnold, B.J., Lahner, B., DaCosta, J.M., Weisman, C.M., Hollister, J.D., Salt, D.E., 
Bomblies, K. & Yant, L.	2016.	Borrowed	alleles	and	convergence	in	serpentine	adaptation.	
Proceedings of the National Academy of Sciences,	113,	1–6.
Arrigo, N. & Barker, M.S.	 2012.	 Rarely	 successful	 polyploids	 and	 their	 legacy	 in	 plant	
genomes.	Current Opinion in Plant Biology,	15,	140–146.
Axtell, M.J.	2013.	Classification	and	comparison	of	small	RNAs	from	plants.	Annual Review 
of Plant Biology,	64,	137–159.
Bachtrog, D. & Andolfatto, P.	2006.	Selection,	recombination	and	demographic	history	in	
Drosophila miranda.	Genetics,	174,	2045–2059.
Bailey, C.D., Koch, M.A., Mayer, M., Mummenhoff, K., O&apos;Kane, S.L., Warwick, S.I., 
Windham, M.D. & Al-Shehbaz, I.A.	2006.	Toward	a	global	phylogeny	of	the	Brassicaceae.	
Molecular Biology and Evolution,	23,	2142–2160.
Bakker, F.T., Lei, D., Yu, J., Mohammadin, S., Wei, Z., van de Kerke, S., Gravendeel, B., 
et al.	2015.	Herbarium	genomics:	plastome	sequence	assembly	from	a	range	of	herbarium	
specimens	using	an	Iterative	Organelle	Genome	Assembly	pipeline.	Biological Journal of the 
Linnean Society,	371,	1–11.
Bansal, V. & Bafna, V.	2008.	HapCUT:	An	efficient	and	accurate	algorithm	for	the	haplotype	
assembly	problem.	Bioinformatics,	24,	153–159.
Barker, M.S., Vogel, H. & Schranz, M.E.	2009.	Paleopolyploidy	in	the	Brassicales:	analyses	
of the Cleome	 transcriptome	elucidate	the	history	of	genome	duplications	 in	Arabidopsis 
and	other	Brassicales.	Genome Biology and Evolution,	1,	391–399.
Barrett, C.F., Baker, W.J., Comer, J.R., Conran, J.G., Lahmeyer, S.C., Leebens-, J.H., Li, 





Bass, H.W. & Birchler, J.A.	2012.	Plant Cytogenetics.	Bass,	H.W.	&	Birchler,	J.A.,	eds. New 
York,	NY:	Springer	New	York.
Batista, P.J. & Chang, H.Y.	 2013.	 Long	 noncoding	 RNAs:	 Cellular	 address	 codes	 in	
development	and	disease.	Cell,	152,	1298–1307.
Beekweelder, J., van Leeuwen, W., van Dam, N.M., Bertossi, M., Grandi, V., Mizzi, L., 
Soloviev, M., et al.	2008.	The	impact	of	the	absence	of	aliphatic	glucosinolates	on	insect	
herbivory	in	Arabidopsis.	PLoS ONE,	3.
Beilstein, M.A., Al-Shehbaz, I.A. & Kellogg, E.A.	 2006.	 Brassicaceae	 phylogeny	 and	
trichome	evolution.	American Journal of Botany,	93,	607–619.
Beilstein, M.A., Al-Shehbaz, I.A., Mathews, S. & Kellogg, E.A.	 2008.	 Brassicaceae	
phylogeny	 inferred	 from	phytochrome	A	 and	ndhF	 sequence	data:	 Tribes	 and	 trichomes	
revisited.	American Journal of Botany,	95,	1307–1327.
Beilstein, M.A., Brinegar, A.E. & Shippen, D.E.	 2012.	 Evolution	 of	 the	 Arabidopsis 
telomerase	RNA.	Frontiers in Genetics,	3,	1–8.
Beilstein, M.A., Nagalingum, N.S., Clements, M.D., Manchester, S.R. & Mathews, S. 
2010.	 Dated	 molecular	 phylogenies	 indicate	 a	 Miocene	 origin	 for	 Arabidopsis thaliana.	
Proceedings of the National Academy of Sciences,	107,	18724–18728.
Bergh, E. Van Den, Hofberger, J.A. & Schranz, M.E.	2016.	Flower	power	and	the	mustard	
bomb:	Comparative	analysis	of	gene	and	genome	duplications	in	glucosinolate	biosynthetic	
pathway	 evolution	 in	 Cleomaceae	 and	 Brassicaceae.	 American Journal of Botany,	 103,	
1212–1222.
Bibalani, G.H.	2012.	Investigation	on	flowering	phenology	of	Brassicaceae	in	the	Shanjan	
region	Shabestar	district,	NW	Iran	(usage	for	honeybees.	Annals of Biological Research,	6,	
1958–1968.
Blanc, G. & Wolfe, K.H.	 2004.	 Functional	 divergence	 of	 duplicated	 genes	 formed	 by	
polyploidy	during	Arabidopsis	evolution.	The Plant Cell,	16,	1679–1691.
Boerner, S. & McGinnis, K.M.	2012.	Computational	identification	and	functional	predictions	
of long noncoding RNA in Zea mays.	PLoS ONE,	7,	e43047.
Bolger, A.M., Lohse, M. & Usadel, B.	2014.	Trimmomatic:	A	flexible	trimmer	for	Illumina	
sequence	data.	Bioinformatics,	30,	2114–2120.
Bouché, F., Woods, D. & Amasino, R.M.	 2016.	 Winter	 memory	 throughout	 the	 plant	
kingdom:	different	paths	to	flowering.	Plant Physiology,	pp.01322.2016.
Bowers, J.E., Chapman, B.A. & Rong, J.	2003.	Unravelling	angiosperm	genome	evolution	
by	phylogenetic	analysis	of	chromosomal	duplication	events.	Nature,	422,	433–438.
Brochmann, C.	1993.	Reproductive	strategies	of	diploid	and	polyploid	populations	of	arctic	
Draba	(Brassicaceae).	Plant Systematics and Evolution,	185,	55–83.
Broman, K.W., Wu, H., Sen, Ś. & Churchill, G.A.	2003.	R/qtl:	QTL	mapping	in	experimental	
crosses.	Bioinformatics,	19,	889–890.
Brown, P.D., Tokuhisa, J.G., Reichelt, M. & Gershenzon, J.	2003.	Variation	of	glucosinolate	
accumulation	among	different	organs	and	developmental	 stages	of	Arabidopsis thaliana.	
Phytochemistry,	62,	471–481.
Burow, M., Müller, R., Gershenzon, J. & Wittstock, U.	 2006.	 Altered	 glucosinolate	
hydrolysis	 in	 genetically	 engineered	Arabidopsis thaliana	 and	 its	 influence	 on	 the	 larval	
development of Spodoptera littoralis.	Journal of Chemical Ecology,	32,	2333–2349.
Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K. & Madden, 
T.L.	2009.	BLAST+:	architecture	and	applications.	BMC Bioinformatics,	10,	421.
Cardinal-McTeague, W.M., Sytsma, K.J. & Hall, J.C.	2016.	Biogeography	and	diversification	
of	Brassicales :	A	103	million	year	tale.	Molecular Phylogenetics and Evolution,	99,	204–224.
RReferences
105
Cheng, S., van den Bergh, E., Zeng, P., Zhong, X., Xu, J., Liu, X., Hofberger, J., et al.	2013.	
The	 Tarenaya hassleriana	 genome	 provides	 insight	 into	 reproductive	 trait	 and	 genome	
evolution	of	crucifers.	The Plant Cell,	25,	2813–2830.
Coleman, F.O.D., Blake-kalff, M.M.A. & Davies, T.E.	1997.	Detoxification	of	xenobiotics	
by	plants:	chemical	modification	and	vacuolar	compartmentation.	Trends in Plant Science,	
2,	144–151.
Comai, L.	 2006.	The	advantages	and	disadvantages	of	being	 introduced.	Nature Reviews 
Genetics,	6,	836–846.
Computing, R. foundation for S.	 2013.	 R:	 A	 language	 and	 environment	 for	 statistical	
computing.
Couvreur, T.L.P., Franzke, A., Al-Shehbaz, I.A., Bakker, F.T., Koch, M. a & Mummenhoff, 
K.	2010.	Molecular	phylogenetics,	 temporal	diversification,	and	principles	of	evolution	 in	
the	mustard	family	(Brassicaceae).	Molecular Biology and Evolution,	27,	55–71.
Cozzolino, S., Cafasso, D., Pellegrino, G., Musacchio, A. & Widmer, A.	2007.	Genetic	
variation	 in	time	and	 space:	 The	use	of	herbarium	 specimens	 to	 reconstruct	patterns	of	
genetic	variation	in	the	endangered	orchid	Anacamptis palustris.	Conservation Genetics,	8,	
629–639.
Csorba, T., Questa, J.I., Sun, Q. & Dean, C.	 2014.	 Antisense	 COOLAIR	 mediates	 the	
coordinated	switching	of	chromatin	states	at	FLC	during	vernalization.	Proceedings of the 
National Academy of Sciences,	111,	16160–16165.
Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E., DePristo, M.A., Handsaker, 
R.E., et al.	2011.	The	variant	call	format	and	VCFtools.	Bioinformatics,	27,	2156–2158.
Davis, P.H.	1965.	Cruciferae.	In:	Davis,	P.H.,	ed. Flora of Turkey.	Edinburgh,	UK:	Edinburgh	
University	Press,	321–330.
Davis, P.H.	1971.	Distribution	patterns	in	Anatolia	with	particular	reference	to	endemism.	
In:	Davis,	P.H.,	Harper,	P.C.	&	Hedge,	I.C.,	eds. Plant Life of South-West Asia.	Royal	Botanic	
Garden,	15–28.
De Smet, R., Adams, K.L., Vandepoele, K., Van Montagu, M.C.E., Maere, S. & Van de 
Peer, Y.	2013.	Convergent	gene	loss	following	gene	and	genome	duplications	creates	single-
copy	 families	 in	flowering	plants.	Proceedings of the National Academy of Sciences,	110,	
2898–2903.
Deng, W., Ying, H., Helliwell, C.A., Taylor, J.M., Peacock, W.J. & Dennis, E.S.	 2011.	
FLOWERING	LOCUS	C	 (FLC)	 regulates	development	pathways	 throughout	 the	 life	cycle	of	
Arabidopsis.	Proceedings of the National Academy of Sciences,	108,	6680–6685.
DePristo, M.A., Banks, E., Poplin, R., Garimella, K. V, Maguire, J.R., Hartl, C., Philippakis, 
A.A., et al.	2011.	A	framework	for	variation	discovery	and	genotyping	using	next-generation	
DNA	sequencing	data.	Nature Genetics,	43,	491–498.
Di, C., Yuan, J., Wu, Y., Li, J., Lin, H., Hu, L., Zhang, T., et al.	 2014.	Characterization	of	
stress-responsive lncRNAs in Arabidopsis thaliana	by	integrating	expression,	epigenetic	and	
structural	features.	The Plant Journal,	80,	848–861.
Dierschke, T., Mandáková, T., Lysak, M. a. & Mummenhoff, K.	 2009.	 A	 bicontinental	
origin	of	polyploid	Australian/New	Zealand	Lepidium	species	(Brassicaceae):	evidence	from	
genomic	in	situ	hybridization	(GISH).	Annals of Botany,	104,	681–688.
Ding, J., Lu, Q., Ouyang, Y., Mao, H., Zhang, P., Yao, J., Xu, C. & Li, X.	 2012a.	 A	 long	
noncoding	RNA	regulates	photoperiod-sensitive	male	sterility,	an	essential	component	of	
hybrid	rice.	Proceedings of the National Academy of Sciences,	109,	2654–2659.
RReferences
106
Ding, J., Shen, J., Mao, H., Xie, W., Li, X. & Zhang, Q.	2012b.	RNA-directed	DNA	methylation	
is	 involved	 in	 regulating	 photoperiod-sensitive	male	 sterility	 in	 rice.	Molecular plant,	 5,	
1210–1216.
Dinger, M.E., Pang, K.C., Mercer, T.R. & Mattick, J.S.	2008.	Differentiating	protein-coding	
and	noncoding	RNA:	Challenges	and	ambiguities.	PLoS Computational Biology,	4.
Djamali, M., Baumel, A., Brewer, S., Jackson, S.T., Kadereit, J.W., Lopez-Vinyallonga, S., 
Mehregan, I., Shabanian, E. & Simakova, A.	2012.	Ecological	implications	of	Cousinia	Cass.	
(Asteraceae)	persistence	through	the	 last	two	glacial-interglacial	cycles	 in	the	continental	
Middle	East	for	the	Irano-Turanian	flora.	Review of Palaeobotany and Palynology,	172,	10–
20.
Dolatyari, A., Vallès, J., Naghavi, M.R. & Shahzadeh Fazeli, S.A.	2013.	Karyological	data	
of 47 accessions of 28 Artemisia	(Asteraceae,	Anthemideae)	species	from	Iran,	with	first	new	
reports	for	Iranian	populations	and	first	absolute	counts	in	three	species.	Plant Systematics 
and Evolution,	299,	1503–1518.
Dolezelt, J., Greilhuber, J., Lucrettiii, S., Meister, A., Lysakt, M.A. & Nardiii, L.	1998.	
Plant	genome	size	estimation	by	flow	cytometry :	 Inter-laboratory	comparison.	Annals of 
Botany,	82,	17–26.
Drummond, A.J., Ho, S.Y.W., Phillips, M.J. & Rambaut, A.	2006.	Relaxed	phylogenetics	
and	dating	with	confidence.	PLoS Biology,	4,	699–710.
Drummond, A.J., Suchard, M.A., Xie, D. & Rambaut, A.	2012.	Bayesian	phylogenetics	with	
BEAUti	and	the	BEAST	1.7.	Molecular Biology and Evolution,	29,	1969–1973.
Duarte, J.M., Wall, P.K., Edger, P.P., Landherr, L.L., Ma, H., Pires, J.C., Leebens-mack, 
J. & Claude, W.	 2010.	 Identification	of	 shared	 single	 copy	nuclear	 genes	 in	Arabidopsis,	
Populus,	Vitis and Oryza	and	their	phylogenetic	utility	across	various	taxonomic	levels.	BMC 
Evolutionary Biology,	10,	1–18.
Duvick, J., Fu, A., Muppirala, U., Sabharwal, M., Wilkerson, M.D., Lawrence, C.J., 
Lushbough, C. & Brendel, V.	2008.	PlantGDB:	a	resource	for	comparative	plant	genomics.	
Nucleic Acids Research,	36,	D959–D965.
Edger, P.P., Heidel-Fischer, H.M., Bekaert, M., Rota, J., Glöckner, G., Platts, A.E., Heckel, 
D.G., et al.	2015.	The	butterfly	plant	arms-race	escalated	by	gene	and	genome	duplications.	
Proceedings of the National Academy of Sciences,	112,	8362–8366.
Ertugrul, K. & Beyazglu, O.	 1996.	 A	 new	 species	 from	 south	 Anatolia	 -	 Aethionema 
karamanicus	(Cruciferae).	Turkish Journal of Botany,	21,	99–101.
Falk, K.L., Tokuhisa, J.G. & Gershenzon, J.	2007.	The	effect	of	 sulfur	nutrition	on	plant	
glucosinolate	content:	Physiology	and	molecular	mechanisms.	Plant Biology,	9,	573–581.
Fawcett, J.A., Maere, S. & Peer, Y. Van De.	2009.	Plants	with	double	genomes	might	have	
had	a	better	chance	to	survive	the	Cretaceous–	Tertiary	extinction	event.	Proceedings of the 
National Academy of Sciences,	106,	5737–5742.
Fedak, H., Palusinska, M., Krzyczmonik, K., Brzezniak, L. & Yatusevich, R.	2016.	Control	
of	seed	dormancy	in	Arabidopsis	by	a	cis-acting	noncoding	antisense	transcript.	Proceedings 
of the National Academy of Sciences,	113,	E7846–E7855.
Flintoft, L.	 2013.	Non-coding	RNA:	 Structure	 and	 function	 for	 lncRNAs.	Nature Reviews 
Genetics,	14,	598.
Franzke, A., German, D., Al-shehbaz, I.A. & Mummenhoff, K.	2009.	Arabidopsis	family	
ties:	molecular	phylogeny	and	age	estimates	in	Brassicaceae.	Taxon,	58,	425–437.
Franzke, A., Koch, M.A. & Mummenhoff, K.	2016.	Turnip	time	travels:	age	estimates	in	
Brassicaceae.	Trends in Plant Science,	21,	554–561.
RReferences
107
Franzke, A., Lysak, M.A., Al-Shehbaz, I.A., Koch, M.A. & Mummenhoff, K.	2011.	Cabbage	
family	affairs:	the	evolutionary	history	of	Brassicaceae.	Trends in Plant Science,	16,	108–116.
Freeling, M., Lyons, E., Pedersen, B., Alam, M., Ming, R. & Lisch, D.	2008.	Many	or	most	
genes in Arabidopsis	transposed	after	the	origin	of	the	order	Brassicales.	Genome Research,	
18,	1924–1937.





(Authored	By	Vishwas	Chavan).	Copenhagen Global Biodiversity Information Facility,	1–12.
Gigolashvili, T. & Kopriva, S.	2014.	Transporters	in	plant	sulfur	metabolism.	Frontiers in 
Plant Science,	5,	442.
Givnish, T.J.	2010.	Ecology	of	plant	speciation.	Taxon,	59,	1326–1366.
Goldberg, E.E., Kohn, J.R., Lande, R., Robetson, K.A., Smith, S.A. & Igic, B.	2010.	Species	
selection	maintains	self-incompatibility.	Science,	330,	493–495.
Goodstein, D.M., Shu, S., Howson, R., Neupane, R., Hayes, R.D., Fazo, J., Mitros, T., et al. 
2012.	Phytozome:	a	comparative	platform	for	green	plant	genomics.	Nucleic Acids Research,	
40,	D1178-86.
Goodwin, Z.A., Harris, D.J., Filer, D., Wood, J.R.I. & Scotland, R.W.	2015.	Widespread	
mistaken	identity	in	tropical	plant	collections.	Current Biology,	25,	R1066–R1067.
Gossmann, T.I., Song, B.-H., Windsor, A.J., Mitchell-Olds, T., Dixon, C.J., Kapralov, M. 
V., Filatov, D.A. & Eyre-Walker, A.	2010.	Genome	wide	analyses	reveal	little	evidence	for	
adaptive	evolution	in	many	plant	species.	Molecular Biology and Evolution,	27,	1822–1832.
Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., Thompson, J.D., Amit, I., Adiconis, 
X., et al.	2011.	Trinity:	 reconstucting	a	 full-length	 transcriptome	without	a	genome	 from	
RNA-Seq	data.	Nature Biotechnology,	29,	644–652.
Griffiths-Jones, S., Saini, H.K., van Dongen, S. & Enright, A.J.	2008.	miRBase:	tools	for	
microRNA	genomics.	Nucleic Acids Research,	36,	D154-8.
Gruber, A.R., Lorenz, R., Bernhart, S.H., Neuböck, R. & Hofacker, I.L.	2008.	The	Vienna	
RNA	websuite.	Nucleic Acids Research,	36,	W70-4.
Gül, S.	2013.	Ecological	divergence	between	two	evolutionary	 lineages	of	Hyla savignyi ( 
Audouin,	1827	)	in	Turkey:	Effects	of	the	Anatolian	Diagonal.	Animal Biology,	63,	285–295.
Guttman, M., Amit, I., Garber, M., French, C., Lin, M.F., Huarte, M., Zuk, O., et al.	2009.	
Chromatin	signature	 reveals	over	a	 thousand	highly	 conserved	 large	non-coding	RNAs	 in	
mammals.	Nature,	458,	223–227.
Ha, M., Kim, E. & Chen, Z.J.	2009.	Duplicate	genes	increase	expression	diversity	in	closely	
related	species	and	allopolyploids.	Proceedings of the National Academy of Sciences,	106,	
2295–2300.
Halkier, B.A. & Gershenzon, J.	2006.	Biology	and	biochemistry	of	glucosinolates.	Annual 
Review of Plant Biology,	57,	303–333.
Hanada, K., Zhang, X., Borevitz, J.O., Li, W.-H. & Shiu, S.-H.	 2007.	 A	 large	 number	 of	
novel coding small open reading frames in the intergenic regions of the Arabidopsis thaliana 
genome	are	transcribed	and/or	under	purifying	selection.	Genome Research,	17,	632–640.







Hayes, J.D., Flanagan, J.U. & Jowsey, I.R.	2005.	Glutathione	transferases.	Annual Review of 
Pharmacology,	45,	51–88.
Hedge, I.C.	 1976.	 A	 systematic	 and	 geographical	 survey	 of	 the	 old	 world	 cruciferae.	 In 
Vaughan,	J.G.,	Macleod,	A.J.	&	Jones,	B.M..,	eds. The Biology and Chemistry of the Cruciferae.	
London,	UK:	Academic	Press,	1–35.
Hedge, I.C.	1965.	Aethionema.	In	Davis,	P.H.,	Cullen,	I.	&	Coode,	M.J.,	eds. Flora of Turkey 
and the East Aegean Islands.	Edinburgh,	UK:	Edinburgh	University	Press,	314–330.
Hofberger, J.A., Lyons, E., Edger, P.P., Chris Pires, J. & Eric Schranz, M.	2013.	Whole	
genome	and	tandem	duplicate	retention	facilitated	glucosinolate	pathway	diversification	in	
the	mustard	family.	Genome Biology and Evolution,	5,	2155–2173.
Hohmann, N., Wolf, E.M., Lysak, M. a. & Koch, M. a.	2015.	A	time-calibrated	road	map	
of	Brassicaceae	species	radiation	and	evolutionary	history.	The Plant Cell,	27,	2770–2784.
Hopkins, R.J., Van Dam, N.M. & Van Loon, J.J.A.	2009.	Role	of	glucosinolates	 in	 insect-
plant	relationships	and	multitrophic	interactions.	Annu. Rev. Entomol,	54,	57–83.
Huala, E., Dickerman, A.W., Garcia-hernandez, M., Weems, D., Reiser, L., Lafond, F., 
Hanley, D., et al.	 2001.	 The	Arabidopsis	 Information	 Resource	 (TAIR):	 a	 comprehensive	
database	 and	 web-based	 information	 retrieval,	 analysis,	 and	 visualization	 system	 for	 a	
model	plant.	Nucleic Acids Research,	29,	102–105.
Huang, C., Sun, R., Hu, Y., Zeng, L., Zhang, N., Cai, L., Zhang, Q., et al.	2016.	Resolution	
of	 Brassicaceae	 phylogeny	 using	 nuclear	 genes	 uncovers	 nested	 radiations	 and	 supports	
convergent	morphological	evolution.	Molecular Biology and Evolution,	33,	394–412.
Huelsenbeck, J.P. & Ronquist, F.	2001.	MrBayes:	Bayesian	inference	of	phylogenetic	trees.	
Bioinformatics,	17,	754–755.
Huson, D.H. & Bryant, D.	 2006.	 Application	 of	 phylogenetic	 networks	 in	 evolutionary	
studies.	Molecular Biology and Evolution,	23,	254–267.
Ietswaart, R., Wu, Z. & Dean, C.	 2012.	Flowering	time	control:	Another	window	to	 the	
connection	between	antisense	RNA	and	chromatin.	Trends in Genetics,	28,	445–453.
Imbert, E.	 2002.	 Ecological	 consequences	 and	 ontogeny	 of	 seed	 heteromorphism.	
Perspectives in Plant Ecology Evolution and Systematics,	5,	13–36.
Janchen, E.	 1942.	Das	System	der	Cruciferen.	Österreichische	Botanische	Zeitschrift,	91,	
1–28.
Jensen, L.M., Jepsen, H.S.K., Halkier, B.A., Kliebenstein, D.J. & Burow, M.	2015.	Natural	
variation	 in	 cross-talk	 between	 glucosinolates	 and	 onset	 of	 flowering	 in	 Arabidopsis.	
Frontiers in Plant Science,	6,	697.
Jiao, Y., Wickett, N.J., Ayyampalayam, S., Chanderbali, A.S., Landherr, L., Ralph, P.E., 
Tomsho, L.P., et al.	2011.	Ancestral	polyploidy	in	seed	plants	and	angiosperms.	Nature,	473,	
97–100.
Jin, J., Liu, J., Wang, H., Wong, L. & Chua, N.-H.	2013.	PLncDB:	plant	long	non-coding	RNA	
database.	Bioinformatics,	29,	1068–1071.
Jordon-Thaden, I.E.	 2009.	 Species	 and	 genetic	 diversity	 of	 Draba:	 phylogeny	 and	
phylogeography.	PhD	Dissartation.	Faculty of Biological Sciences, University of Heidelberg, 
Germany.
Jordon-Thaden, I.E., Al-Shehbaz, I.A. & Koch, M.A.	2013.	Species	richness	of	the	globally	
distributed,	arctic-alpine	genus	Draba	L.	(Brassicaceae).	Alpine Botany,	123,	97–106.





Kane, M.J., Emerson, J.W. & Weston, S.	 2013.	 Scalable	 strategies	 for	 computing	 with	
massive	data.	JSS Journal of Statistical Software,	55.
Karl, R. & Koch, M.A.	2013.	A	world-wide	perspective	on	crucifer	speciation	and	evolution:	
Phylogenetics,	biogeography	and	trait	evolution	in	tribe	Arabideae.	Annals of Botany,	112,	
983–1001.
Katoh, K. & Standley, D.M.	2013.	MAFFT	multiple	sequence	alignment	software	version7:	
improvements	in	performance	and	usability.	Molecular Biology and Evolution,	30,	772–780.




American Journal of Botany,	79,	1229–1232.
Kliebenstein, D.J.	2004.	Secondary	metabolites	and	plant/environment	interactions:	A	view	
through Arabidopsis thaliana	tinged	glasses.	Plant, Cell and Environment,	27,	675–684.
Kliebenstein, D.J., Gershenzon, J. & Mitchell-Olds, T.	 2001.	 Comparative	 quantitative	
trait	loci	mapping	of	aliphatic,	indolic	and	benzylic	glucosinolate	production	in	Arabidopsis 
thaliana	leaves	and	seeds.	Genetics,	159,	359–370.
Kliebenstein, D.J., Kroymann, J., Brown, P., Figuth, A., Pedersen, D., Gershenzon, J. & 
Mitchell-Olds, T.	2001.	Genetic	control	of	natural	 variation	 in	Arabidopsis glucosinolate 
accumulation.	Plant Physiology,	126,	811–825.
Knill, T., Schuster, J., Reichelt, M., Gershenzon, J. & Binder, S.	 2008.	 Arabidopsis 
branched-chain	 aminotransferase	 3	 functions	 in	 both	 amino	 acid	 and	 glucosinolate	
biosynthesis.	Plant Physiology,	146,	1028–1039.
Koch, M.A. & Kiefer, C.	 2006.	 Molecules	 and	 migration:	 Biogeographical	 studies	 in	
cruciferous	plants.	Plant Systematics and Evolution,	259,	121–142.
Koenig, D. & Weigel, D.	2015.	Beyond	the	thale:	comparative	genomics	and	genetics	of	
Arabidopsis	relatives.	Nature Reviews Genetics,	16,	285–298.
Komarov, V.L.	 1934.	 Flora	 URSS	 (Flora	 Unionis	 Rerumpublicarum	 Sovieticarum	
Socialisticarum).
Koroleva, O.A., Davies, A., Deeken, R., Thorpe, M.R., Tomos, A.D. & Hedrich, R.	2000.	
Different	myrosinase	 and	 ideoblast	 distribution	 in	Arabidopsis and Brassica napus.	Plant 
Physiology,	127,	1750–1763.
Lanfear, R., Calcott, B., Ho, S.Y.W. & Guindon, S.	 2012.	 PartitionFinder:	 Combined	
selection	 of	 partitioning	 schemes	 and	 substitution	 models	 for	 phylogenetic	 analyses.	
Molecular Biology and Evolution,	29,	1695–1701.
Lenser, T., Graeber, K., Cevik, Ö.S., Adigüzel, N., Dönmez, A.A., Kettermann, M., 
Mayland-Quellhorst, S., et al.	2016.	Aethionema arabicum	as	a	model	system	for	studying	
developmental	control	and	plasticity	of	fruit	and	seed	dimorphism.	Plant physiology,	172,	
1691–1707.
Levy-Rimler, G., Bell, R.E., Ben-Tal, N. & Azem, A.	2002.	Type	I	chaperonins:	not	all	are	
created	equal.	FEBS letters,	529,	1–5.
Li, L., Eichten, S.R., Shimizu, R., Petsch, K., Yeh, C.-T., Wu, W., Chettoor, A.M., et al.	2014.	
Genome-wide	 discovery	 and	 characterization	 of	 maize	 long	 non-coding	 RNAs.	 Genome 
Biology,	15,	R40.




Li, L., Wang, X., Sasidharan, R., Stolc, V., Deng, W., He, H., Korbel, J., et al.	2007.	Global	
identification	and	 characterization	of	 transcriptionally	 active	 regions	 in	 the	 rice	 genome.	
PLoS ONE,	2,	e294.
Liu, J., Jung, C., Xu, J., Wang, H., Deng, S., Bernad, L., Arenas-Huertero, C. & Chua, N.-
H.	2012.	Genome-wide	analysis	uncovers	regulation	of	long	intergenic	noncoding	RNAs	in	
Arabidopsis.	The Plant Cell,	24,	4333–4345.
Luikart, G., England, P.R., Tallmon, D., Jordan, S. & Taberlet, P.	2003.	The	power	and	
promise	 of	 population	 genomics:	 from	 genotyping	 to	 genome	 typing.	 Nature reviews. 
Genetics,	4,	981–994.
Lyons, E. & Freeling, M.	 2008.	 How	 to	 usefully	 compare	 homologous	 plant	 genes	 and	
chromosomes	as	DNA	sequences.	The Plant Journal,	53,	661–673.
Lysak, M.A., Mandáková, T. & Schranz, M.E.	 2016.	 Comparative	 paleogenomics	 of	
crucifers:	ancestral	genomic	blocks	revisited.	Current Opinion in Plant Biology,	30,	108–115,	
10.1016/j.pbi.2016.02.001.
Ma, Z., Coruh, C. & Axtell, M.J.	2010.	Arabidopsis lyrata	small	RNAs:	transient	MIRNA	and	
small interfering RNA loci within the Arabidopsis	genus.	The Plant Cell,	22,	1090–1103.
Macas, J., Meszaros, T. & Nouzova, M.	2002.	PlantSat:	a	specialized	database	for	plant	
satellite	repeats.	Bioinformatics,	18,	28–35.
Malik, M.S., Riley, M.B., Norsworthy, J.K. & Bridges, W.	2010.	Variation	of	glucosinolates	
in wild radish (Raphanus raphanistrum)	 accessions.	 Journal of Agricultural and Food 
Chemistry,	58,	11626–11632.
Manafzadeh, S., Staedler, Y.M. & Conti, E.	2016.	Visions	of	the	past	and	dreams	of	the	
future	in	the	Orient:	the	Irano-Turanian	region	from	classical	botany	to	evolutionary	studies.	
Biological Reviews,	9,	1–24.
Mano, Y. & Nemoto, K.	 2012.	 The	 pathway	 of	 auxin	 biosynthesis	 in	 plants.	 Journal of 
Experimental Botany,	63,	2853–2872.
Marhold, K., Kudoh, H., Pak, J.H., Watanabe, K., Španiel, S. & Lihová, J.	2010.	Cytotype	
diversity	 and	 genome	 size	 variation	 in	 eastern	Asian	polyploid	Cardamine (Brassicaceae) 
species.	Annals of Botany,	105,	249–264.
Marrs, K.A.	 1996.	 The	 functions	 and	 regulation	 of	 glutathione	 S-transferases	 in	 plants.	
Annual Review of Plant Physiology and Plant Molecular Biology,	47,	127–158.
Mattick, J.S. & Gagen, M.J.	2001.	The	evolution	of	controlled	multitasked	gene	networks:	
The	role	of	introns	and	other	noncoding	RNAs	in	the	development	of	complex	organisms.	
Molecular Biology and Evolution,	18,	1611–1630.
Mayrose, I., Zhan, S.H., Rothfels, C.J., Magnuson-Ford, K., Barker, M.S., Rieseberg, 
L.H. & Otto, S.P.	2011.	Recently	formed	polyploid	plants	diversify	at	lower	rates.	Science,	
333,	1257.
McKenna, A., Hanna, M., Banks, E., Sivachenko, A.Y., Cibulskis, K., Kernytsky, A.M., 
Garimella, K. V, et al.	2010.	The	Genome	Analysis	Toolkit:	A	MapReduce	framework	for	
analyzing	next-generation	DNA	sequencing	data.	Genome Research,	20,	1297–1303.
Médail, F. & Diadema, K.	 2009.	 Glacial	 refugia	 influence	 plant	 diversity	 patterns	 in	 the	
Mediterranean	Basin.	Journal of Biogeography,	36,	1333–1345.
Micó, E., Sanmartín, I. & Galante, E.	2009.	Mediterranean	diversification	of	 the	grass-
feeding Anisopliina	beetles	(Scarabaeidae,	Rutelinae,	Anomalini)	as	inferred	by	bootstrap-
averaged	dispersal-vicariance	analysis.	Journal of Biogeography,	36,	546–560.
Miller, M.A., Pfeiffer, W. & Schwartz, T.	2010.	Creating	the	CIPRES	Science	Gateway	for	




Mohammadin, S., Edger, P.P., Pires, J.C. & Schranz, M.E.	2015.	Positionally-conserved	
but	 sequence-diverged:	 Identification	 of	 long	 non-coding	 RNAs	 in	 the	 Brassicaceae	 and	
Cleomaceae.	BMC Plant Biology,	15,	217.
Moldovan, D., Spriggs, A., Yang, J., Pogson, B.J., Dennis, E.S. & Wilson, I.W.	 2010.	
Hypoxia-responsive	 microRNAs	 and	 trans-acting	 small	 interfering	 RNAs	 in	 Arabidopsis.	
Journal of Experimental Botany,	61,	165–177.
Mühlhausen, A., Lenser, T., Mummenhoff, K. & Theissen, G.	 2013.	 Evidence	 that	 an	
evolutionary	transition	from	dehiscent	to	indehiscent	fruits	in	Lepidium (Brassicaceae) was 
caused	by	a	change	in	the	control	of	valve	margin	identity	genes.	Plant Journal,	73,	824–835.
Mummenhoff, K., Brüggemann, H. & Bowman, J.L.	 2001.	 Chloroplast	DNA	phylogeny	
and	biogeography	of	Lepidium	(Brassicaceae).	American Journal of Botany,	88,	2051–2063.
Novikova, I. V, Hennelly, S.P., Sanbonmatsu, K.Y. & Rna, K.	2012.	Sizing	up	long	non-coding	
RNAs:	Do	lncRNAs	have	secondary	and	tertiary	structure.	BioArchitecture,	2,	189–199.
Ohno, S.	1970.	Evolution	by	gene	duplication.	In Evolution by gene duplication.	New	York,	
NY:	Springer	Verlag.
Olson-Manning, C.F., Strock, C.F. & Mitchell-Olds, T.	 2015.	 Flux	 control	 in	 a	defense	
pathway	 in	 Arabidopsis thaliana	 is	 robust	 to	 environmental	 perturbations	 and	 controls	
variation	in	adaptive	traits.	G3,	5,	2421–2427.
Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V.N., 
Underwood, E.C., D’amico, J. a., et al.	2001.	Terrestrial	ecoregions	of	the	world:	A	new	
map	of	life	on	earth.	BioScience,	51,	933.
Özüdoğru, B., Akaydin, G., Erik, S., Al-shehbaz, I.A. & Mummenhoff, K.	2015.	Phylogeny,	
diversification	and	biogeographic	implications	of	the	eastern	Mediterranean	endemic	genus	
Ricotia	(Brassicaceae).	Taxon,	64,	727–740.
Palazzo, A.F. & Gregory, T.R.	2014.	The	Case	for	Junk	DNA.	PLoS Genetics,	10,	e1004351.
Pang, K.C., Frith, M.C. & Mattick, J.S.	2006.	Rapid	evolution	of	noncoding	RNAs:	Lack	of	
conservation	does	not	mean	lack	of	function.	Trends in Genetics,	22,	1–5.
Paradis, E., Claude, J. & Strimmer, K.	2004.	APE:	Analyses	of	phylogenetics	and	evolution	
in	R	language.	Bioinformatics,	20,	289–290.
Parolly, G., Nordt, B., Bleeker, W. & Mummenhoff, K.	 2010.	 Heldreichia	 Boiss.	
(Brassicaceae)	revisited:	A	morphological	and	molecular	study.	Taxon,	59,	187–202.
Pavlova, D.	2007.	A	new	species	of	Aethionema	 (Brassicaceae)	 from	the	Bulgarian	flora.	
Botanical Journal of the Linnean Society,	155,	533–540.
Payne, R.W., Murray, D.A., Harding, S.A., Baird, D.B. & Soutar, D.M.	2009.	GenStat	for	
Windows	(12th	Edition)	Introduction.
Petersen, B.L., Chen, S., Hansen, C.H., Olsen, C.E. & Halkier, B.A.	2002.	Composition	and	
content of glucosinolates in developing Arabidopsis thaliana.	Planta,	214,	562–571.
Prantl, K.	1891.	Cruciferae.	In	Engler,	A.	&	Prantl,	K.,	eds. Die naturlichen Pflanzenfamilien 
IIIb.	Leipzig:	Verlag	von	Wilhelm	Engelmann,	145–206.
Price, R.A., Palmer, J.D. & Al-Shehbaz, I.A.	1994.	Systematic	relationships	of	Arabidopsis:	
a	molecular	and	morphological	perspective.	In	M.	Meyerowitz	&	C.	R.	Sommerville	(eds.),	
ed. Arabidopsis.	New	York,	NY:	Cold	Springs	Harbor	Laboratory	Press,	7–19.
Pritchard, J.K., Stephens, M. & Donnelly, P.	2000.	Inference	of	population	structure	using	
multilocus	genotype	data.	Genetics,	155,	945–959.




Rechinger, K.H.	1968.	Cruciferae.	In:	Flora Iranica: Flora des iranischen Hochlandes und der 
umrahmenden Gebirge.	Graz,	Austria:	Akademische	Druk	u.	Verlagsanstalt,	1–6.
Redovnikovic, I.R., Glivetic, T., Delonga, K. & Vorkapic-Furac, J.	2008.	Glucosinolates	
and	their	potential	role	in	plant.	Periodicum Biologorum,	110,	297–309.
Reeves, R.D. & Adigüzel, N.	2008.	The	nickel	hyperaccumulating	plants	of	the	serpentines	of	
Turkey	and	adjacent	areas:	A	review	with	new	data.	Turkish Journal of Biology,	32,	143–153.
Rohr, F., Ulrichs, C. & Mewis, I.	2009.	Variability	of	aliphatic	glucosinolates	in	Arabidopsis 
thaliana	(L.)-Impact	on	glucosinolate	profile	and	insect	resistance.	Journal of Applied Botany 
and Food Quality,	82,	131–135.
Ronquist, F. & Huelsenbeck, J.P.	2003.	MrBayes	3:	Bayesian	phylogenetic	inference	under	
mixed	models.	Bioinformatics,	19,	1572–1574.
Ryu, H.Y., Kim, S.Y., Park, H.M., You, J.Y., Kim, B.H., Lee, J.S. & Nam, K.H.	2009.	Modulations	
of	AtGSTF10	expression	induce	stress	tolerance	and	BAK1-mediated	cell	death.	Biochemical 
and Biophysical Research Communications,	379,	417–422.
Schmickl, R., Paule, J., Klein, J., Marhold, K. & Koch, M.A.	2012.	The	evolutionary	history	
of the Arabidopsis arenosa	 complex:	 Diverse	 tetraploids	 mask	 the	 Western	 Carpathian	
center	of	species	and	genetic	diversity.	PLoS ONE,	7,	e42691.
Schmutz, J., Cannon, S.B., Schlueter, J., Ma, J., Mitros, T., Nelson, W., Hyten, D.L., et al. 
2010.	Genome	sequence	of	the	palaeopolyploid	soybean.	Nature,	463,	178–183.
Schranz, M.E., Dobeš, C., Koch, M.A. & Mitchell-Olds, T.	 2005.	 Sexual	 reproduction,	
hybridization,	 apomixis,	 and	 polyploidization	 in	 the	 genus	 Boechera	 (Brassicaceae).	
American Journal of Botany,	92,	1797–1810.
Schranz, M.E., Mohammadin, S. & Edger, P.P.	2012.	Ancient	whole	genome	duplications,	
novelty	and	diversification:	the	WGD	Radiation	Lag-Time	Model.	Current Opinion in Plant 
Biology,	15,	147–153.
Schulz, O.E.	1936.	Cruciferae.	In	Engler,	A.	&	Prantl,	K.,	eds. Die natürlichen Pflanzenfamilien, 
vol. 17B.	Leipzig,	Germany:	Verlag	Wilhelm	Engelmann,	227–658.
Sebastian, P., Schaefer, H. & Renner, S.S.	2010.	Darwin’s	Galapagos	gourd:	Providing	new	
insights	175	years	after	his	visit.	Journal of Biogeography,	37,	975–978.
Sharbel, T.F., Mitchell-olds, T. & Dobeš, C.	2005.	Biogeographic	distribution	of	polyploidy	
and	B	chromosomes	in	the	apomictic	Boechera holboellii	complex.	Cytogenetic and Genome 
Research,	292,	283–292.
Silvestro, D., Zizka, G. & Schulte, K.	2014.	Disentangling	the	effects	of	key	innovations	on	
the	diversification	of	Bromelioideae	(Bromeliaceae).	Evolution,	68,	163–175.
Slotte, T., Foxe, J.P., Hazzouri, K.M. & Wright, S.I.	 2010.	 Genome-wide	 evidence	 for	
efficient	positive	and	purifying	selection	in	Capsella grandiflora,	a	plant	species	with	a	large	
effective	population	size.	Molecular Biology and Evolution,	27,	1813–1821.
Slotte, T., Huang, H., Lascoux, M. & Ceplitis, A.	2008.	Polyploid	speciation	did	not	confer	
instant	reproductive	isolation	in	Capsella	(Brassicaceae).	Molecular Biology and Evolution,	
25,	1472–1481.
Soltis, D.E., Albert, V.A., Leebens-Mack, J., Bell, C.D., Paterson, A.H., Zheng, C., 
Sankoff, D., Depamphilis, C.W., Wall, P.K. & Soltis, P.S.	2009.	Polyploidy	and	angiosperm	
diversification.	American Journal of Botany,	96,	336–348.
Soltis, D.E., Buggs, R.J.A., Doyle, Jeff, J. & Soltis, P.S.	 2010.	What	we	still	don’t	know	
about	polyploidy.	Taxon,	59,	1387–1403.
Sønderby, I.E., Geu-Flores, F. & Halkier, B.A.	2010.	Biosynthesis	of	glucosinolates-	gene	
discovery	and	beyond.	Trends in Plant Science,	15,	283–290.
RReferences
113
Song, K., Lu, P., Tang, K. & Osborn, T.C.	1995.	Rapid	genome	change	in	synthetic	polyploids	
of Brassica	and	its	implications	for	polyploid	evolution.	Proceedings of the National Academy 
of Sciences,	92,	7719–7723.
Sotelo, T., Soengas, P., Velasco, P., Rodriguez, V.M. & Cartea, M.E.	2014.	Identification	
of	 metabolic	 QTLs	 and	 candidate	 genes	 for	 glucosinolate	 synthesis	 in	 Brassica oleracea 
leaves,	seeds	and	flower	buds.	PLoS ONE,	9,	e91428.
Španiel, S., Marhold, K., Passalacqua, N.G. & Zozomová-Lihová, J.	2011.	Intricate	variation	











Sunkar, R. & Zhu, J.	2004.	Novel	and	stress-regulated	microRNAs	and	other	small	RNAs	
from Arabidopsis.	The Plant Cell,	16,	2001–2019.
Swiezewski, S., Liu, F., Magusin, A. & Dean, C.	 2009.	 Cold-induced	 silencing	 by	 long	
antisense	transcripts	of	an	Arabidopsis	Polycomb	target.	Nature,	462,	799–802.
Swofford, D.L.	2002.	Phylogenetic	analysis	using	parsimony.	Options,	42,	294–307.
Takhtajan, A.L.	1986.	Floristic Region of the World.	United	States	of	America:	University	of	
California	Press.
Tang, H., Bowers, J.E., Wang, X., Ming, R., Alam, M. & Paterson, A.H.	2008.	Synteny	and	
collinearity	in	plant	genomes.	Science,	320,	486–488.
Tank, D.C., Eastman, J.M., Pennell, M.W., Soltis, P.S., Soltis, D.E., Hinchliff, C.E., Brown, 
J.W., Sessa, E.B. & Harmon, L.J.	 2015.	 Nested	 radiations	 and	 the	 pulse	 of	 angiosperm	
diversification:	increased	diversification	rates	often	follow	whole	genome	duplications.	New 
Phytologist,	207,	454–467.
Tokuriki, N. & Tawfik, D.S.	2009.	Chaperonin	overexpression	promotes	genetic	variation	
and	enzyme	evolution.	Nature,	459,	668–673.
Tremetsberger, K., König, C., Samuel, R., Pinsker, W. & Stuessy, T.F.	2002.	Infraspecific	
genetic	 variation	 in	 Biscutella laevigata	 (Brassicaceae):	 New	 focus	 on	 Irene	 Manton’s	
hypothesis.	Plant Systematics and Evolution,	233,	163–181.
Vaidya, G., Lohman, D.J. & Meier, R.	 2011.	 SequenceMatrix:	 Concatenation	 software	
for	 the	 fast	 assembly	 of	multi-gene	 datasets	with	 character	 set	 and	 codon	 information.	
Cladistics,	27,	171–180.
Vamberger, M., Stuckas, H., Ayaz, D., Graciá, E., Aloufi, A.A., Els, J., Mazanaeva, L.F., 
Kami, H.G. & Fritz, U.	 2013.	 Conservation	 genetics	 and	 phylogeography	 of	 the	 poorly	
known Middle Eastern terrapin Mauremys caspica	(Testudines:	Geoemydidae).	Organisms 
Diversity and Evolution,	13,	77–85.
Van Zandt, P.A.	 2007.	Plant	defense,	growth,	and	habitat:	A	comparative	assessment	of	
constitutive	and	induced	resistance.	Ecology,	88,	1984–1993.
Vanneste, K., Maere, S. & Peer, Y. Van De.	2014.	Tangled	up	 in	two:	a	burst	of	genome	
duplications	 at	 the	 end	 of	 the	 Cretaceous	 and	 the	 consequences	 for	 plant	 evolution.	
Philosophical Transactions of the Royal Society of Biological Sciences,	369,	20130353.
RReferences
114
Velasco, P., Soengas, P., Vilar, M., Cartea, M.E. & Rio, M. Del.	 2008.	 Comparison	 of	
glucosinolate	profiles	in	leaf	and	seed	tissues	of	different	Brassica napus	crops.	Journal of 
the American Society for Horticultural Science,	133,	551–558.
Velchev.	2015.	Vol.1	Plants.	 In:	Velchev,	V.,	ed. Red Data Book of the PR Bulgaria.	 Sofia:	
Publishing	House	Bulgarian	Academy	of	Sciences.
Wandeler, P., Hoeck, P.E.A. & Keller, L.F.	2007.	Back	to	the	future:	museum	specimens	in	
population	genetics.	Trends in Ecology and Evolution,	22,	634–642.
Warwick, S.I. & Al-Shehbaz, I.A.	 2006.	 Brassicaceae:	 Chromosome	 number	 index	 and	
database	on	CD-Rom.	Plant Systematics and Evolution,	259,	237–248.
Warwick, S.I., Mummenhoff, K., Sauder, C.A., Koch, M.A. & Al-Shehbaz, I.A.	 2010.	
Closing	 the	gaps:	phylogenetic	relationships	 in	 the	Brassicaceae	based	on	DNA	sequence	
data	of	nuclear	ribosomal	ITS	region.	Plant Systematics and Evolution,	285,	209–232.
Wei, Z., Julkowska, M.M., Laloë, J.O., Hartman, Y., de Boer, G.J., Michelmore, R.W., van 
Tienderen, P.H., Testerink, C. & Schranz, M.E.	2014.	A	mixed-model	QTL	analysis	for	salt	
tolerance	in	seedlings	of	crop-wild	hybrids	of	lettuce.	Molecular Breeding,	34,	1389–1400.
Wen, J., Parker, B.J. & Weiller, G.F.	2007.	In	silico	identification	and	characterization	of	
mRNA-like noncoding transcripts in Medicago truncatula.	In silico biology,	7,	485–505.





Current Opinion in Plant Biology,	15,	517–522.
Williamson, R., Josephs, E.B. & Platts, A.E.	2014.	Evidence	for	widespread	positive	and	
negative	selection	in	coding	and	conserved	noncoding	regions	of	Capsella grandiflora.	PLOS 
Genetics,	10,	1–12.
Windsor, A.J., Reichelt, M., Figuth, A., Svatoš, A., Kroymann, J., Kliebenstein, D.J., 
Gershenzon, J. & Mitchell-Olds, T.	2005.	Geographic	and	evolutionary	diversification	of	
glucosinolates	among	near	relatives	of	Arabidopsis thaliana	(Brassicaceae).	Phytochemistry,	
66,	1321–1333.
Wolfe, K.H.	2001.	Yesterday’s	polyploids	and	the	mystery	of	diploidization.	Nature Reviews 
Genetics,	2,	333–341.
Wright, K.M., Arnold, B., Xue, K., Urinova, M., O’Connell, J. & Bomblies, K.	 2014.	
Selection	on	meiosis	genes	in	diploid	and	tetraploid	Arabidopsis arenosa.	Molecular Biology 
and Evolution,	32,	944–955.
Xin, M., Wang, Y., Yao, Y., Song, N., Hu, Z., Qin, D., Xie, C., Peng, H., Ni, Z. & Sun, Q.	2011.	
Identification	and	characterization	of	wheat	 long	non-protein	 coding	RNAs	 responsive	 to	
powdery	mildew	infection	and	heat	stress	by	using	microarray	analysis	and	SBS	sequencing.	
BMC Plant Biology,	11,	61.
Yoshida, K., Burbano, H.A., Krause, J., Thines, M., Weigel, D. & Kamoun, S.	2014.	Mining	
herbaria	for	plant	pathogen	genomes:	Back	to	the	future.	PLoS Pathogens,	10,	6–11.
Yoshida, K., Schuenemann, V.J., Cano, L.M., Pais, M., Mishra, B., Sharma, R., Lanz, C., 
et al.	2013.	The	rise	and	fall	of	the	Phytophthora infestans lineage that triggered the Irish 
potato	famine.	eLife,	2013,	1–25.
Yu, Y., Harris, A.J., Blair, C. & He, X.	2015.	RASP	(Reconstruct	Ancestral	State	in	Phylogenies):	
A	tool	for	historical	biogeography.	Molecular Phylogenetics and Evolution,	87,	46–49.
RReferences
115
Zedane, L., Hong-Wa, C., Murienne, J., Jeziorski, C., Baldwin, B.G. & Besnard, G.	2016.	
Museomics	illuminate	the	history	of	an	extinct,	paleoendemic	plant	lineage	(Hesperelaea,	
Oleaceae)	known	from	an	1875	collection	from	Guadalupe	Island,	Mexico.	Biological Journal 
of the Linnean Society,	117,	44–57.
Zhang, J.	2003.	Evolution	by	gene	duplication:	an	update.	Trends in Ecology and Evolution,	
18,	292–298.
Zhang, J., Mujahid, H., Hou, Y., Nallamilli, B.R. & Peng, Z.	2013.	Plant	long	ncRNAs:	A	
new	frontier	for	gene	regulatory	control.	American Journal of Plant Sciences,	4,	1038–1045.
Zhang, Y.-C. & Chen, Y.-Q.	2013.	Long	noncoding	RNAs:	New	regulators	in	plant	development.	
Biochemical and Biophysical Research Communications,	436,	111–114.
Zhang, Y., Huai, D., Yang, Q., Cheng, Y., Ma, M., Kliebenstein, D.J. & Zhou, Y.	 2015.	
Overexpression	 of	 three	 glucosinolate	 biosynthesis	 genes	 in	 Brassica napus	 identifies	
enhanced resistance to Sclerotinia sclerotiorum and Botrytis cinerea.	PLoS ONE,	10,	1–17.






The	 plant	 family	 Brassicaceae	 (or	 crucifers)	 is	 an	 economically	 important	 group	 that	
includes	many	 food	crops	 (e.g.	 cabbages	and	 radishes),	horticultural	 species	 (e.g.	Draba, 
Iberis, Lunaria),	and	model	plant	species	(particularly	Arabidopsis thaliana).	Because	of	the	
fundamental importance of A. thaliana	to	plant	biology,	it	makes	the	Brassicaceae	an	ideal	
system	for	comparative	genomics	and	to	test	wider	evolutionary,	ecological	and	speciation	
hypotheses.	One	such	hypothesis	 is	 the	 ‘Whole	Genome	Duplication	Radiation	Lag	Time’	





Aethionema is the species-poor sister genus of the core Brassicaceae and hence is at an 
important	comparative	position	to	analyse	trait	and	genomic	evolution	of	the	species-rich	
core	group.	Aethionema species	occur	mainly	in	the	western	Irano-Turanian	region,	which	







a	 comparative	 framework.	However,	 the	 formation	of	 proteins	 and	 enzymes,	 and	 in	 the	
end	 the	phenotype	of	 the	whole	plant,	 relies	on	 transcription	 from	particular	 regions	of	
the	 genome	 including	 genes.	 Hence,	 the	 transcriptome	makes	 it	 possible	 to	 assess	 the	
























defence	 compounds	 between	 these	 two	populations	 (Iranian	 vs.	 Turkish/Cypriotic),	with	
the	Iranian	lines	 lacking	the	diversity	and	concentration	of	 indolic	glucosinolates	that	the	
Turkish/Cypriotic	lines	have.	This	chapter	serves	as	a	good	resource	and	starting	point	for	
future	 research	 in	 the	 region,	maybe	by	using	 the	natural	 history	 collections	 that	 are	 at	
hand.
Glucosinolates	(i.e.	mustard	oils)	are	mainly	made	by	Brassicales	species,	with	their	highest	
structural	diversity	 in	 the	Brassicaceae.	 In	Chapter	5,	 I	 examined	 two	Ae. arabicum lines 
(CYP	and	TUR)	and	their	recombinant	 inbred	 lines	to	assess	glucosinolate	composition	 in	
different	tissues	and	throughout	the	plants	development.	The	levels	of	glucosinolates	in	the	
leaves changed when Ae. arabicum	went	from	vegetative	to	a	reproductive	state.	Moreover,	
a	major	difference	in	glucosinolate	content	(up	to	10-fold)	between	CYP	and	TUR		indicates	
a	 likely	 regulatory	 pathway	 outside	 the	main	 glucosinolate	 biosynthesis	 pathway.	Multi-
trait	and	multi-environment	QTL	analyses	based	on	leaves,	reproductive	tissues	and	seeds	
identified	a	single	major	QTL.	Fine	mapping	this	region	reduced	the	interval	to	only	fifteen	
protein	coding	genes,	including	the	two	most	intriguing	candidates:	FLOWERING LOCUS C 
(FLC) and the sulphate transporter SULTR2;1.	These	findings	show	an	interesting	correlation	
between	development	and	defence.
Finally,	Chapter	6	gives	a	final	discussion	of	this	thesis	and	its	results.	It	brings	the	different	




















































































De	Club	 van	Krikkestijn,	Hedwig,	 Ella	 en	Renske.	Mag	het	 een	onsje	meer	 zijn?	 Bedankt	
voor	er	 zijn	 in	de	 slechte	en	goede	tijden.	 Jullie	 zijn	voor	mij	een	baken	op	moeilijke	en	
vreugdevolle	momenten	en	 levensdingensen…	Dankzij	 jullie	 houd	 ik	mijn	 voeten	 aan	de	
grond.	Ik	beschouw	jullie	als	een	soort	van	zusjes,	maar	dan	wel	de	leukere	versies	:P.	Ik	kan	
niet	zonder	jullie.
I	would	not	have	been	here	 if	 it	was	not	 for	my	parents,	physically	of	 course,	as	well	as	
mentally.	You	are,	for	me,	the	best	examples	of	carrying	on	with	a	major	smile	on	your	face,	
although	life	might	not	give	you	what	you	thought	or	dreamt	about.	If	I	have	one	thousands	
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